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A REVIEW OF TURBULENCE EASUREMENTS I N  
COMPRESSIBLE FLOW 
V .  A. Sandborn 
A su rvey  o f  t u r b u l e n c e  measurements i n  compress ib l e  flows i s  p r e s e n t e d .  
The major i t} .  of  t u r b u l e n c e  measurements a t  supe r -  and hype r son ic  ~ T - c ~ J s  !-A. e 
been made f o r  t h e  ze ro  p r e s s u r e  g r a d i e n t ,  t u r b u l e n t  boundary l a y e r .  I t  was found 
t h a t  t h e  nondimens iona l  t u r b u l e n t  stress terms f o r  t h e  z e r o  p r e s s u r e  g r a d i e n t  
f low appea r  t o  a g r e e  c l o s e l y  with e q u i v a l e n t  i n c o m o r e s s i b l e  measurements i n  
t h e  o u t s r  p a r t  o f  t h e  boundary l a y e r .  The stress terms were nondimens iona l ized  
by t h e  w a l l  v a l u e  o f  s h e a r  s t ress  and p l o t t e d  v e r s u s  t h e  d i s t a n c e  from t h e  w a l l ,  
n o n d i n e n s i o n a l i z e d  by t h e  boundary-layer  t h i c k n e s s .  I n d i r e c t  e v a l u a t i o n  o f  
t h e  t o t a l  s h e a r  stress d i s t r i b u t i o n  from mean v e l o c i t y  measurements f o r  b o t h  
super -  a n d , h y p e r s o n i c  f lows  ' ( z e r o  p r e s s u r e  g r a d i e n t ,  twoTdimensiona1 f lows)  
i n d i c a t e  a n e a r  u n i v e r s a l  d i s t r i b u t i o n .  
. .  . .  
These t o t a l  s h e a r  stress curves  a l s o '  
a g r e e  v e r y  c l o s e l y  w i t h  measured incompress ib l e  s h e a r  stress d i s t r i b u t i o n s .  
Receit l aser  anemometer measurements o f  t h e  t u r b u l e n t  Reynolds s h e a r  stress 
[ c , K ) ,  r e p o r t e d  by Johnson and Rose f o r  a Mach number 2 .9  f l o w ,  a r e  i n  
reasonable agreement  wi th  t h e  expected t o t a l  s h e a r  s t r e s s  cu rve  o v e r  t h e  
o u t e r  600; of  t h e  boundary l a y e r .  Near t h e  s u r f a c e  a s y s t e m a t i c  d e v i a t i o r ,  
between t h e  l a s e r  measurements and expec ted  shear s t ress  was f o u n d .  
The laser anemometer d a t a  a r e  on ly  s l i g h t l y  h i g h e r  t h a n  t h e  i n c o m p r e s s i b l e  
r e s u l t s  f o r  t h e  i n d i v i d u a l  l o n g i t u d i n a l  and v e r t i c a l  t u r b u l e n t  v e l o c i t y  
components o v e r  t h e  complete  boundary l a y e r .  
s u g g e s t ,  w i t h  some r e s e r v a t i o n ,  t h a t  t h e  term 
term i n  t h e  t u r b u l e n t  s h e a r  stress f o r  s u p e r s o n i c  boundary l a y e r s .  
These r e s u l t s  might be  t a k e n  t o  
( p z )  may n o t  b e  t h e  on ly  impor t an t  
ii 
Hot-wire anemometer measurements o f  t h e  l o n g i t u d i n a l  component of  t h e  
t u r b u l e n t  v e l o c i t y  in super-  and h y p e r s o n i c  f low were found t o  a g r e e  w i t h  t h e  
i n c o m p r e s s i b l e  d a t a  i n  t h e  o u t e r  r eg ion  o f  t h e  l a y e r s .  Eleasurements of  t h e  
v e r t i c a l  component o f  t h e  t u r b u l e n t  v e l o c i t y  and t h e  Reynolds s h e a r  stress 
w i t h  h o t  wires appea r  q u e s t i o n a b l e .  Mass f l u x  and t e m p e r a t u r e  f l u c t u a t i o n  
measurements show c o n s i d e r a b l e  sca t te r  from one boundary l a y e r  t o  a n o t h e r .  
N e i t h e r  mass f l u x  o r  t e m p e r a t u r e  d a t a  cou ld  be c o r r e l a t e d  w i t h  t h e  deq ree  of  
s i m i l a r i t y  obse rved  f o r  t h e  t u r b u l e n t  stress terms. 
The s p e c t r a l  energy d i s t r i b u t i o n  of  t h e  super-  and h y p e r s o n i c  flows are  
a l s o  shown to cor re spond  t o  e q u i v a l e n t  i n c o m F r e s s i b l e  r e s u l t s .  The s ? e c c r a l  
c u r v e s  may be  used t o  s p e c i f y  t h e  frequency range of i n t e r e s t  f o r  a g iven  
boundary - l aye r  measurement. I n t e r m i t t e n c y  of rhe  o u t e r  edge o f  t h e  supe r -  and 
h y p e r s o n i c  boundary l a y e r s  i s  na rked ly  d i f f e r e n t  from t h a t  of  t h e  i n c o m p r e s s i b l e  
l a y e r .  
. .  
Repor t ed  measurements o f  the free-stream m a s s  f l u x  i n t e n s i t y  w e r e  found . 
\ 
t o  increase as t h e  s q u a r e  o f  t h e  Mach number f o r  b o t h  t h e  supe r -  and h y p e r s o n i c  
wind tunnels .  Very few measurements f o r  s u b s o n i c  c o m p r e s s i b l e  f l o w  have 
been r e p o r t e d .  A l i m i t e d  number of d a t a  p o i n t s  f o r  t h e  t u r b u l e n t  s h e a r  
. .  
stress i n  a s u b s o n i c ,  compress ib l e ,  p i p e  f l o w  were found.  
i i i  
INTRODUCTION 
Techniques o f  d e a l i n g  w i t h  t u r b u l e n t  s h e a r  f lows are l i m i t e d  due t o  a l a c k  
o f  a r a t i o n a l  t h e o r y  of  t u r b u l e n t  f low. 
b o d i e s  s t i l l  r e l y  h e a v i l y  on e m p i r i c a l  i n f o r m a t i o n  abou t  t h e  t u r b u l e n c e .  Thus,  
iZ 1.s r iecessary t o  e x p e r i m e n t a l l y  e v a l u a t e  t u r b u l e n t  s h e a r  f l o w s ,  i n  o r d e r  t o  
upgrade and check t h e  a n a l y t i c a l  methods. 
E n g i n e e r i n g  c a l c u l a t i o n s  of fiow about  
. .  
Yeasurements o f  t u r b u l e n t  p r o p e r t i e s  ir, c o n p r e s s i b l e  flows have  prcven 
q u i t e  d i f f i c u l t .  Although t h e  b a s i c  concep t s  of  measuring t u r b u l e n c e  v i t h  
ho t -wi re  anemometers i n  compress ib l e  f lows  were evo lved  by Kovasznay, r e f .  1 
and 2 ,  i n  t h e  e a r l y  f i f t i e s ,  very f e w  measurements were r e p o r t e d .  I n  t h e  l a t e  
f i f t i e s  a l i m i t e d  number o f  su rveys  by  Morkovin and Phinney,  r e f .  3 ,  and by 
. K i s t l . e , r ,  r e f .  - 4 ,  f o r  s u p e r s o n i c  boundary l a y e r s  were. r e p o r t e d .  Only w i t h i n  ' . 
t h e  1 ast few y e a r s  have f u r t h e r  measurements o f  c o m p r e s s i b l e  t u r b u l e n c e  appea red .  
. . .  . .  
. .  
A l l  t h e  measurements are l i m i t e d  i n  c o n t e n t ,  s o  t h a t  i t  i s  d i f f i c u l t  t o  access 
t h e  a c c u r a c y  o f  any one  set o f  da t a .  
The p r e s e n t  piper was undertaken as a comprehensive s u r v e y  of  c o m p r e s s i b l e  
t u r b u l e n c e .  I n  1962 Norkovin,  ref. 5 ,  reviewed t h e  e f f e c t s  of c o m p r e s s i b i l i t y  
on t u r b u l e n t  f low and p roposed  l i m i t e d  g u i d e l i n e s  as t o  e x p e c t e d  e f f e c t s .  
Morkovin showed t h a t  t h e  e f f e c t s  o f  c o m p r e s s i b i l i t y  were e x p e c t e d  t o  b e  somewhat 
p a s s i v e .  Based on t h e  o b s e r v a t i o n s  o f  Morkovin, t o g e t h e r  w i t h  r e c e n t  obse rva -  
t i o n s  of l a r g e  Reynolds number s i m i l a r i t y  of i n c o m p r e s s i b l e  t u r b u l e n t  boundary 
l a y e r s ,  i t  w a s  p o s s i b l e  t o  examine i n  s u r p r i s i n g  d e t a i l  a g r e a t  amount of 
c o m p r e s s i b l e  t u r b u l e n c e  d a t a .  
s i m p l e  f l a t  p l a t e  boundary l a y e r .  
The p r e s e n t  s u r v e y  i s  mainly l i m i t e d  t o  t h e  
However, it shou ld  serve as a guide t o  t h e  
e v a l u a t i o n  o f  measuring t echn iques  f o r  s t u d i e s  o f  more complex f lows .  
i v  
SYMBOLS 
A s u p e r s o n i c  t u n n e l  geometry c o n s t a n t ,  eq .  ( 8 )  
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v e r t i c a l  c o o r d i n a t e  i n  d i r e c t i o n  p e r D e n d i c u l a r  t o  t h e  mean flow and 
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W w a l l  v a l u e  
1 
Genera l  Requirements  f o r  Turbu len t  Measurements 
i n  Compressible  Flows 
Major i n t e r e s t s  i n  t u r b u l e n t  measurements a r i s e  from tne need t o  e v a l u a t e  
f lows  a b o u t  b o d i e s ,  and i n  t h e i r  wakes. These f lows can b e  c l a s s i f i e d  a s  
t u r b u l e n t  s h e a r  f lows .  O the r  a r e a s  of  i n t e r e s t  i n c l u d e  r e g i o n s  o f  t u r b u l e n t  
mix ing ,  as a s s o c i a t e d  w i t h  problems such a s  j e t  e n g i n e s  and combustion p r o c e s s e s .  
A l s o ,  s i n c e  most aerodynamic s t u d i e s  a r e  c a r r i e d  o u t  in wind t u n n e l s ,  a good 
d e a l  o f  e f f o r t  has  been expended t o  e v a l u a t e  t h e  free-stream tu rb i l l ence  l e v e i  
o f  s u p e r s o n i c  w i n d  t u n n e l s .  Examination of  t h e  e q u a t i o n s  govern ing  c o m p r e s s i b l e ,  
t u r b u l e n t ,  f low w i l l  g i v e  an i n d i c a t i o n  of  t h e  i m p o r t a n t  t u r b u l e n t  q u a n t i  t i es  
t h a t  need  t o  be  de te rmined .  
D e t a i l e d  d e r i v a t i o n s  o f  t h e  compress ib le  e q u a t i o n s  a r e  g iven  by Van 
Driest ,  ref. 6 ,  and by Schubauer  and Tchen, r e f .  7. For  t h e  p r e s e n t  su rvey  
Of c o m p r e s s i b l e  t u r b u l e n c e  measurements it was found t o  b e  adequa te  t o  employ 
only  t h e  boundary- layer  approximat ions  of t h e  comple te  e q u a t i o n s .  Fol lowing  
t h e  a n a l y s i s  of Schubauer  and Tchen, t h e  steady-state boundary - l aye r  equations 
may b e  w r i t t e n  a s :  
CONTINUITY 
ENERGY 
Schubauer  and Tchen a rgue  t h a t  t h e  t u r b u l e n t  s h e a r  s t ress ,  - - t '  
t o  :uv, which i s  e q u i v a l e n t  t o  t h e  i n c o m p r e s s i b l e  r e s u l t s .  Van D r i e s t  employs 
i s  j u s t  e q u a l  
- 
a s i i g h t l y  d i f f e r e n t  approach wherein 
i n g  i n e r t i a  term. The t u r b u l e n t  s h e a r  s t ress ,  T f o r  Van Driest ' s  a n a l y s i s  
i s  g iven  a s  
U f i  remains lumped w i t h  t h e  correspond-  
t '  
I t  s h o u l d  b e  n o t e d  t h a t  e v a l u a t i o n  o f  t h e  t o t a l  o r  t u r b u l e n t  s h e a r  stress from 
r ,  . .  - LIUW-mLUbUremenLY, d b b U I I 1 I n g  > L l l l l L h r T t y ,  p " - 4 -  C r r  U A V C l l C l l C  L U  
_ -  
t h a t  o f  e q u a t i o n  ( 5 ) .  Schubauer  and Tchen n e g l e c t  a l l  b u t  c uv; 
From t h e  e q u a t i o n s  it i s  found t h a t  t h e  following t u r b u l e n c e  q u a n t i t i e s  
s h o u l d  b e  s p e c i f i e d .  
_. 
MOMENTUM U V ,  ?,, ,I 
Not a l l  of t h e s e  terms have been measured,  n o r  can t h e i r  magni tudes  b e  e s t i m a t e d  
from t h e  e x i s t i n g  d a t a .  
A s  is  w e l l  known, e q u a t i o n s  (1) t h rough  ( 4 )  a r e  n o t  a c l o s e d  s e t ,  due t o  
t h e  a d d i t i o n  o f  t h e  t u r b u l e n c e  terms. Thus, t h e  a n a l y t i c a l  e v a l u a t i o n  must 
depend on some independent  knowledge of  t h e  t u r b u l e n c e  quant i t ies .  
t h e  s h e a r  stress and t h e  h e a t  f l u x  terms are o f  major  impor tance  f o r  e n g i n e e r i n g  
In  p a r t i c u l a r ,  
3 
p r e d i c t i o n s .  For  most boundary-layer  f lows  i t  i s  found t h a t  t h e  y - d i r e c t i o n  
momentum e q u a t i o n ,  eq.  ( 2 1 ,  i s  independent  of  t h e  x - d i r e c t i o n  equat ion ,  eq .  (1). 
Thus,  e q u a t i o n  ( 2 )  can b e  i n t e g r a t e d  d i r e c t l y  t o  g l v e  
- - 
I f  v: i s  smal l ,  t hen  t h e  v a r i a t i o n  of  s t a t i c  p r e s s u r e ,  p ,  a c r o s s  t h e  s h e a r  
l a y e r  can b e  n e g l e c t e d .  
F u r  t h e  boucda ry - l aye r  e v a l u a t i o n s  t h a t  a r e  c o n s i d e r e d  l a t e r  t h e  v e r t i c a l  
- .- - 
mass f l u x ,  ~'i*, s  lumped d i r e c t l y  wi th  pV. D i r e c t  measurenents  o f  ' v  
do n o t  a p p e a r  t o  have been s u c c e s s f u l ,  s o  ve ry  l i t t l e  i s  known abou t  i t s  
magnitude.  I n d i r e c t l y ,  ;'v , could b e  e v a l u a t e d  from t h e  c o n c i n u i t y  e q u a z i o n ,  
- 
eq. ( 3 ) ,  b y  measuring t h e  d e r i v a t i v e s  o f  t h e  mean mass f l u x e s  ( f o r  s t e a d y  
- 
f l o w ,  - =  3 c  0 )  
3 t  
The ma jo r  i n t e r s s t  i n  compress ib l e  t u r b u l e n t  boundary l a y e r s  w i l l  be  t h e  
_ -  
e v a l u a t i o n  o f  t h e  s h e a r  stress. A number of measurements of  a uv have been 
r e p o r t e d  w i t h i n  t h e  l a s t  y e a r .  A l s o ,  a l a r g e  number of  i n d i r e c t  e v a l u a t i o n s  o f  
t h e  shear stress from nean f l o w  measurements have been r e p o r t e d  f o r  a wide 
r ange  o f  supe r -  and h y p e r s o n i c  boundary l a y e r s .  For  t h e  case o f  z e r o  p r e s s u r e  
g r a d i e n t ,  t u r b u l e n t  boundary l a y e r s ,  a s u r p r i s i n g l y  good agreement between 
the mean f l o w  e v a l u a t i o n s  o f  t u r b u l e n t  shear stress w a s  found i n  t h e  c o u r s e  of  
t h e  p r e s e n t  s u r v e y .  
!I 
The b a s i c  e q u a t i o n s  of motion and ene rgy  are i n s e n s i t i v e  t o  much of t h e  
t u r b u l e n t  f l u c t u a t i o n s .  A s  a r e s u l t ,  i t  h a s  been n e c e s s a r y  t o  s e e k  h i g h e r  
o r d e r  t u r b u l e n t  energy e q u a t i o n s ,  r e f .  8, i n  o r d e r  t o  e x p l o r e  t h e  " t u r b u l e n t  
s t r u c t u r e . "  These h i g h e r  o r d e r  t u r b u l e n t  ene rgy  e q u a t i o n s  have been employed 
i n  r e c e n t  y e a r s  as model e q u a t i o n s  t o  d e t e r m i n e  t h e  t u r b u l e n t  s h e a r  stress,  uv. 
U n f o r t u n a t e l y ,  t h e  assumptions necessa ry  t o  d e a l  w i t h  t h e  h i g h e r  o r d e r  t u r b u l e n t  
terms i n t r o d u c e  a new s e t  of  u n c g r t a i n t i e s .  Due t o  t h e  d i f f i c u l t i e s  i n  measuring 
t u r b u l e n c e  i n  compress ib l e  flows, i t  is  d o u b t f u l  t h a t  e x p e r i m e n t a l  e v a l u a t i c n  o f  
t h e  h i z h e r  o r d e r  t u r b u l e n t  energy e q u a t i o n s  is f e a s i b l e .  
- 
Alzhough, n o t  n e c e s s a r i l y  p a r t  of  t h e  s o l u t i o n  of  t h e  e q u a t i o n s  gove rn ing  
t u r b u l e n t  s h e a r  f i o w s .  a l a r g e  number o f  t u r b u l e n t  momentum and energy terms 
can be c c n s i d e r e d .  
MOMENTUM 
T urbu 1 en t Mass T r i p l e  
S h e a r  Flow C o r r e l a t i o n  
-- 
3 uw 
ENERGY . 
-- 
p v E' 
V ='E' 
r' 'vE' 
where u,  v and w are the three t u r b u l e n t  v e l o c i t y  components. 
n o t e d ,  some of t h e s e  terms are impor t an t  i n  the e q u a t i o n s ,  w h i l e  
A s  p r e v i o u s l y  
o t h e r s  a p p e a r  
as d e r i v a t i v e s  t h a t  can b e  n e  1 
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c t e d .  For  a l a r g e  number o f  t u r b u i e n t  flows 
of impor t ance  a quasi-symmetry, e i t h e r  p l a n e  o r  c y l i n d r i c a l ,  can be  o b t a i n e d  
by p r o p e r  c h o i c e  o f  c o o r d i n a t e s ,  s o  t h a t  t h e  c r o s s - v e l o c i t y  c o r r e l a t i o n s ,  
uw and vw ( o r  uv depending on t h e  c o o r d i n a t e s  c h o s e n ) ,  can b e  n e g l e c t e d .  
These c r o s s  p r o d u c t s  will be  z e r o  i f  no s h e a r  ex i s t s  i n  t h e  z ( o r  w)  d i r e c t i o n .  
The mass f l u x  terns are of  p a r t i c u l a r  i n t e r e s t  i n  e v a l u a t i n g  t h e  f r e e - s t r e a m  
- - - 
c o n d i t i o n s  of t h e  compress ib l e  f l o w  wind t u n n e l s .  T u r b u l e n t  d e n s i t y  and temDerature  
f l u c t u a t i o n s  are a l s o  o f  i n t e r e s t  i n  free-stream e v a l u a t i o n s .  I n  s u p e r s o n i c  h o t -  
w i r e  anemometry e v a l u a t i o n s  t h e  d e n s i t y  f l u c t u a t i o n s  are d i r e c t l y  coupled w i t h  
t h e  v e l o c i t y  f l u c t u a t i o n s .  Thus,  i t  i s  found n e c e s s a r y  t o  r e l a t e  t h e  independent  
t e m p e r a t u r e  f l u c t i i a t i o n  measurements t o  t h e  d e n s i t y .  The r e l a t i o n  between 
d e n s i t y  and  t empera tu r?  f l u c t u a t i o n s  r e q u i r e s  some kncwledge as  t o  t h e  Dressl i re  
f l u c t u a t i o n s ,  s i n c e  they  a re  coupled th rough  t h e  e q u a t i o n  of  s t a t e .  Thus,  f o r  
most measurements t h e  p r e s s u r e  f l u c t u a t i o n s  are assumed t o  b e  n e g l e c t a b l e ,  and 
t h e  d e n s i t y  is  r e l a t e d  d i r e c t l y  t o  t h e  t empera tu re .  
o f  t h e  pressure f l u c t u a t i o n s  w i t h i n  t h e  boundary l a y e r  a re  d e s i r a b l e ,  but  
experimental methods have n o t  been a v a i l a b l e  t o  measure them o t h e r  t h a n  
a t  t h e  s u r f a c e ,  A g r e a t  d e a l  of  i n fo rma t ion  h a s  been o b t a i n e d  on t h e  
b a s i c  s t r u c t u r e  a s p e c t s  o f  t h e  t u r b u l e n t  f l u c t u a t i o n s ,  such  as: 
Independent  measurements 
( a )  energy-frequency c o n t e n t  
(b )  p r o b a b i l i t y  d i s t r i b u t i o n s  
( c )  c o r r e l a t i o n s  and r e l a t e d  q u a n t i t i e s  such  
as scales and convec t ive  v e l o c i t i e s .  
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A g e n e r a l  review o f  e x i s t i n g  measuremenKs o f  t u r b u l e n c e  i n  zomvress ib l e  f lows 
h a s  been made. The review both  demonst ra tes  what t u r b u l e n t  q u a n t i t i e s  can be 
measured,  and t h e  a r e a s  where i n f c r m a t i o n  i s  a v a i l a b l e ,  A t  t h e  p r e s e n t  t i n e  
i t  a p p e a r s  t h a r  ve ry  l i t t l e  i n f o r n a t i o n  e x i s t s  f o r  t h e  a r e a  o f  s c b s o n i c  com- 
p r e s s i b l e  flow. I n  some a r e a s ,  such  as  ze ro  p r e s s u r e  g r a d i e n t ,  s i lpcrsonic ,  
t u r b u l e n t  boundary l a y e r s ,  a g r e a t  dea l  of i n f o r m a t i o n  i s  a v a i l a b l e .  The P r e s e n t  
s e c t i o n  is d i v i d e d  i n t o  f o u r  p a r t s ,  acco rd ing  t o  t h e  p a r t i c u l a r  f l o w :  
(3) Fres-s t ream Turbulence  
(b)  F u l i y  De7;eloped P i p e  F low 
( c )  Boundarv Layers  
( 2 )  Free  Shear  Flow 
( a )  Free-s t ream Turbulence.-  H i s t o r i c a l l y ,  a good d e a l  o f  e f f o r t  was ' 
. .  
' expended i n  t h e  mid-nineteen f i f t i e s  t o  e v a l u a t e  t h e  f r e e - s t r e a m  t u r b u l e n c e  
. -  
l e v e l  o f  s u p e r s o n i c  wind t u n n e l s .  An e a r l y  NACA a t t e m p t  t o  compare t h e  t u r b u l e n c e  
level of d i f f e r e n t  s u p e r s o n i c  wind t u n n e l s  c o n s i s t e d  of measur ing  t h e  t r a n s i t i o n  
l o c a t i o n  on a " s t anda rd"  10" cone ,  r e f .  9. The t r a n s i t i o n  w a s  de te rmined  by 
measu r ing  t h e  recovery  t empera tu re  d i s t r i b u t i o n  a long  t h e  cone .  S i m i l a r  t y p e  
s t u d i 2 s  have more r e c e n t l y ,  r e f .  10, 11 and 13, been e v a l u a t e d  i n  t h e  hype r son ic  
f a c i l i t i e s .  F i s c h e r  and Wagner, ref. 10, o b t a i n e d  c o r r e l a t i o n  cu rves  o f  t r a n s i t i o n  
Reynolds  number v e r s u s  t h e  f r ee - s t r eam d i s t u r b a n c e  l e v e l s  f o r  
edge  o f  t h e  boundary l a y e r .  
Me - > 5 a t  t h e  
The t r a n s i t i o n  Reynolds number w a s  found t o  vary  
approx ima te ly  as t h e  inverse of t h e  f r ee - s t r eam,  mass f l o w  f l u c t u a t i o n  ( o r  
sound d i s t u r b a n c e  l e v e l )  f o r  a c o n s t a n t  Mach n-mber .  An examina t ion  o f  t h e  
/ 
l i m i t e d  measurements r e p o r t e d  by Sandborn and Wisniewski ,  r e f .  13 ,  f o r  t h e  
NACA, “ s t a n d a r d t t  10’ cone i n  a small, 6- hy 6- inch,  Mach number 3 wind t u n n e l  
i n d i c a t e  a s i m i l a r  l i n e a r  i n v e r s e  r e l a t i o n .  Note t h a t  i r r  i s  n e c e s s a r y  t o  
s e p a r a t e  t h e  Mach number and t u r b u l e n c e  l e v e l  e f f e c t s  b e f o r e  d i f f e r e n t  t u n n e l s  
are compared. 
F i g u r e  1 i s  a p l o t  of t h e  mass flow f l u c t u a t i o n  i n t e n s i t y  v e r s u s  Mach 
number r e p o r t e d  by a number of  expe r imen te r s .  For Mach numbers below 2 ,  L a u f e r ,  
r e f .  1 4 ,  and Morkovin, ref. 1 3 ,  found t h a t  t h e  v e l o c i t y  f l u c t u a t i o n s  upstream 
of  t h e  s o n i c  t h r o a t  a f f e c t s  t h e  f r ee - s t r eam t u r b u l e n c e  i n  t h e  s u p e r s o n i c  f low.  
A t  a Mach number of  approx ima te ly  2.5 t h e  upstream v e l o c i t y  f l u c t u a t i o n s  cou ld  
no l o n g e r  be  r e l a t e d  t o  t h e  tes t  s e c t i o n  t u r b u l e n c e .  For  a Xach number 
r ange  from 1 . 6  t o  5 ,  L a u f e r ,  ref. 16 ,  found from hot-wire  measurements t h a t  t h e  
c o r r e l a t i o n  c o e f f i c i e n t  between mass flow and t o t a l  t e m p e r a t u r e  f l u c t u a t i o n s  i n  
t h e  f r e e - s t r e a m  had v a l u e s  o f  approx ima te ly  -1. Second ly ,  i t  was known c h a t .  
n e i t h e r  s t a t i c  t e m p e r a t u r e  lo r  v e l o c i t y  f l u c t u a t i o n s  by themselves  were 
s u f f i c i e n t  t o  produce t h e  h i g h  t u r b u l e n c e  levels  i n d i c a t e d  by t h e  h o t  w i r e .  
Based on t h e  a n a l y s i s  o f  Kovasznay, r e f .  2 ,  i t  w a s  a p p a r e n t  t h a t  t h e  o n l y  s i m p l e  
f l u c t u a t i n g  f i e l d  c o n s i s t e n t  w i t h  the  measurements w a s  a p u r e  sound f i e l d .  For  
a p u r e  sound f i e l d  t h e  i s e n t r o p i c  r e l a t i o n s  between p r e s s u r e ,  d e n s i t y  and 
t z m p e r a t u r e  (and t h e i r  f l u c t u a t i o n s )  are v a l i d .  Evidence f o r  sound dominat ion 
of  t h e  s u p e r s o n i c  
The sound f l u c t u a t i o n s  are  r e l a t e d  d i r e c t l y  t o  t h e  mass flow f l u c t u a t i o n s  
measured w i t h  t h e  h o t - w i r e  anemometer. The o n l y  d e v i a t i o n s  appear i n  t h e  
h y p e r s o n i c  flow f a c i l i t i e s ,  where i n l e t  f lows must be  h e a t e d  t o  h i g h  t e m p e r a t u r e s .  
For the h y p e r s o n i c  f a c i l i t i e s ,  r e f .  11 and 1 7 ,  l a r g e  t e m p e r a t u r e ,  as w e l l  as 
mass f l o w  f l u c t u a t i o n s  are encountered.  
f r e e - s t r e a m  h a s  been r e p o r t e d  f o r  a number of  f a c i l i t i e s .  
The measurement of  Laufe  
a 
, r e f .  1 6 ,  Sandborn and Wisniewski ,  r e f .  13,  and 
Donaldson and Wallace, r e f .  18,  a l l  show t h a t  t h e  mass flow f l u c t u a t i o n  i n t e n s i t y  
d e c r e a s e s  w i t h  i n c r e a s i n g  Reynolds number a t  a f i x e d  Mach number. The d e c r e a s e  
i s  e s t i m a t e d  t o  v a r y  as R e  . I t  was p o i n t e d  o u t  by L a u f e r ,  r e f .  1 6 ,  t h a t  
t h e  w a l l  boundary l a y e r s ,  which g e n e r a t e  t h e  f r e e s t r e a m  sound f l u c t u a t i o n s ,  
become t h i n n e r  as t h e  Reynolds number i n c r e a s e s .  The w a l l  boundary-layer  e f f e c t  
was d r a m a t i c a l l y  demons t r a t ed  by L a u f e r ,  r e f .  1 6 ,  by r educ ing  t h e  t u n n e l  Reynolds 
number t o  where t h e  w a l l  l a y e r s  a r e  l amina r .  The p o i n t  shown on f i g u r e  1 a t  
M = 4.5 ( L a u f e r ,  Re / in  = 2.6~10 ) shows almost an o rde r -o f -magn i tude  r e d u c t i o n  in 
t u n n e l  xass-f low f i u c t u a t i o n s .  Although t h e  d a t a  o f  f i g u r e  1 f a i l  t o  agree  i n  
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a l l  c a s e s  t h e r e  i s  e v i d e n c e  t o  sugges t  t h a t  t h e  l a r g e r  s i z e  s u p e r s o n i c  wind 
t u n n e l s  f o r  a g iven  Mach number w i l l  have t h e  lower t u r b u l e n c e  l e v e l s  (?.I ', 2 ) .  
The r a t i o  of f r e e - s t r e z m  area t o  boundary-layer  p e r i m e t e r  shou ld  b e  a n  i m p o r t a n t  
. .  
paramete r .  
. .  
The increase o f  t h e  mass-flow f l u c t u a t i o n  i n t e n s i t y  w i t h  Mach number i s  a 
r e s u l t  of  t h e  sound f i e l d  b e i n g  p r o p o r t i o n a l  t o  t h e  f o u r t h  power of  t h e  Mach 
number, r e f .  16 .  A c u r v e  f i t  of  t h e  d a t a  o f  L a u f e r  f o r  M > 2 shows t h a t  t h e  
a c t u a l  mass-flow f l u c t u a t i o n s  i n c r e a s e  as 5. A s  a n  approximate c u r v e  f i t ,  
3 
t h e  f o l l o w i n g  r e l a t i o n  was o b t a i n e d  
where t h e  c o n s t a n t  A a c c o u n t s  f o r  t h e  v a r i a t i o n  due t o  t u n n e l  s i z e  ( a n d / o r  
o r i g i n  of t h e  sound s o u r c e ) .  Fo r  L a u f e r ' s  d a t a  a v a l u e  A = 0.0095 w a s  e s t i m a t e d .  
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Curves f o r  .A = 0.0095 and R e / i n  = 90,000 and 330,000, co r re spond ing  t o  
L a u f e r ' s  measurements,  are p l o t t e d  on f i g u r e L  A curve  f o r  A = 0.017 and 
R e / i n  = 90,000 i s  p l o t t e d  t o  demonstrate  t h e  e f f e c t  o f  A .  T h i s  l a t t e r  cur'i'e i s  
an approx ima te  f i t  of  t h e  Sandborn-Wisniewski d a t a  f o r  t h e  6- by 6-inch t u n n e l .  
The measurements o f  Kistler, r e f .  4 shown on f i g u r e  1, may n o t  represer. t  a t r u e  
v a l u e  f o r  the wind t u n n e l ,  as they  were t a k e n  a t  t h e  edge of  t h e  w a l l  boundary 
l a y e r .  Kis t ler  r e p o r t e d  t h a t  t h e  f r ee - s t r eam l e v e l s  were below t h e  n o i s e  
l e v e l  of  h i s  measuring system. 
The very h i g h  Xach number r e s u l t s ,  shown as t h e  i n s e r t  on f i g u r e  1, do n o t  
vary  a c c o r d i n g  t o  e q u a t i o n  (8 ) .  The p a r t i c u l a r  f a c i l i t v  i s  such t h a t  t h e  
Mach number i n c r e a s e s  as t h e  Reynolds number i s  i n c r e a s e d  (see r e f .  I O ; .  T h u s ,  t h e  
h i g h e r  Xach numbers a l s o  r e p r e s e n t  h i g h e r  Reynolds numbers.  Both t h e  v a r i a t i o n  
w i t h  Mach number and w i t h  Reynolds number a re  g r e a t e r  t h a n  would b e  p r e d i c t e d  
by e q u a t i o n  (8 ) .  . N o t e  a l s o  t h a t  t h e  mass f low i n t e n s i t i e s  are much lower t h a n  
t h e  e x t r a p o l a t i o n  o f  . the s u p e r s o n i c  c u r v e s ,  shown on f i g u r e  1,- would p r e d i c t .  
Q u a s i - f u l l y  Developed P i p e  Flow.- F u l l y  deve loped  p i p e  flow h a s  
proven of  g r e a t  v a l u e  i n  the e v a l u a t i o n  of  t u r b u l e n c e  measurement t e c h n i q u e s  
f c r  tk i n c o m p r e s s i b l e  case. I t  i s  p o s s i b l e  t h a t  s i m i l a r  r e s u l t s  can  b e  o b t a i n e d  
f o r  c o m p r e s s i b l e  f lows.  For a compress ib l e  s u b s o n i c  f low t h e r e  i s  a p r o g r e s s i v e  
d e c r e a s e  i n  d e n s i t y  a l o n g  t h e  p i p e ,  so  t h a t  t h e  l o c a l  v e l o c i t y  must i n c r e a s e  
w i t h  downstream d i s t a n c e .  I t  i s ,  however, found t h a t  a quas i - fu l l -deve loped  
p i p e  f low may b e  o b t a i n e d .  K j e l l s t r E m  and Hedberg, r e f .  1 9 ,  c o n s i d e r  t h e  q u a s i -  
fu l ly -deve loped  f low momentum e q u a t i o n  as 
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The slearstress v a r i a t i o n  w i t h  r a d i u s  becomes 
F o r  i n c o m p r e s s i b l e  f low t h e  second i n t e g r a l  i n  e q u a t i o n  (10) i s  z e r o ,  s3 that 
the s h e a r  stress v a r i e s  l i n e a r l y  a c r o s s  t h e  p i p e  r a d i u s .  D u r s t ,  Launder and 
K j e l l s t r o m ,  r e f .  2 0 ,  have e v a l u a t e d  e q u a t i o n  (10) f o r  a t y p i c a l  e n c i r i c a l  v e l o c i t y  
d i s t r i b u t i o n ,  They f i n d  a p r c g r e s s i v e l y  i n c r e a s i n g  n o n l i n e a r l i t y  due t o  t h e  
v e l o c i t y  term as t h e  Mach number i n c r e a s e s  from 0 . 5  t o  0 . 7 .  
F i g u r e  2 shows t h e  r e s u l t s  of an e s n e r i i n e n t a l  s t u d y  r e p o r t s d  b v  Gibbi.ngs ana 
Y i k u l l a ,  r e f  2 1 ,  € o r  s u b s o n i c ,  c o m p r e s s i b l e ,  quas i - fu l ly -deve loned ,  p i p e  flow. 
Both t h e  s h e e r  stress d i s t r i b u t i a n  expe r imen ta l ly  e v a l u a t e d  from a farm o f  
e q u a t i o n  (lo), and d i r e c t  ho t -wire  measurements of  ;uv were o b t a i n e d .  The 
- 
non l ' i nea r ,  "compress ib le"  e f f e c t  on t h e  computed t o t a l  s h e a r  s t ress  was e v i d e n t  - 
f o r  a Flach number o f  O:Sl ,  a l t hough  it was s m a l l .  
were found t o  a g r e e  w i t h  t h e  e v a l u a t i o n  of  e q u a t i o n  (30) o v e r  t h e  c e n t e r  r e g i o n  
o f  t h e  p i p e .  Near t h e  w a l l  t h e  v a l u e  of p G  d rops  t o  z e r o  somewhat f a s t e r  
The h o t - w i r e  measurements 
t h a n  might  b e  expec ted .  These measurements a r e  t h e  o n l y  s u b s o n i c ,  compress ib l e ,  
t u r b u l e n c e  d a t a  found .  
( c j  Boundary Laye r s . -  The major  i n t e r e s t  o f  compress ib l e  t u r b u l e n c e  mea- 
surement  s t u d i e s  h a s  been t h e  s u p e r s o n i c  boundary l a y e r .  A rev iew of  t h e  l i t e r a -  
t u r e  showed a number of  s t u d i e s  of zero p r e s s u r e  g r a d i e n t ,  s u p e r s o n i c ,  t u r b u l e n t  
boundary l a y e r s  h a s  been made. These s t u d i e s  range  i n  Mach number from 1 . 7  t o  
9 . 4 .  Tempera ture  and mass flow f l u c t u a t i o n s  have a l s o  been r e p o r t e d  f o r  bl = 20. 
No measurements t h a t  c o n t a i n  compress ib l e  effects  a t  s u b s o n i c  blach numbers were 
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found.  S e r a f i n e ,  r e f .  22 , r e p o r t s  l o n g i t u d i n a l  t u r b u l e n t  i n t e n s i t y  measurements 
f o r  a M = 0 .6  f low,  however, a l l  e f f e c t s  of  c o m p r e s s i b i l i t y  were n e g l e c t e d .  
I n  t h e  s e c t i o n  on g e n e r a l  r equ i r emen t s  i t  w a s  n o t e d  t h a t  t h e  b a s i c  t u r b u l e n t  
terms r e q u i r e d  f o r  e v a l u a t i o n  of t h e  c o n t i n u i t y ,  momentum and energy e q u a t i o n s  
were: uv,  p ' v ,  3 ' u , $ ' u v , s ' E ' ,  vE' and D I V E '  . These q u a n t i t i e s  have nroven very ----- - 
d i f f i c u l t  t o  measure d i r e c t l y  w i t h  hot-wire  anemometers. F i g u r e  3 i s  a summary 
p l o t  of  measurements of  puv t h a t  have been  r e p o r t e d  f o r  s u p e r s o n i c ,  z e r o  
- 
p r e s s u r e  g r a d i e n t ,  t u r b u l e n t  boundary l a y e r s .  A l l  of t h e  d a t a  on f i g u r e  3 have 
been r e p o r t e d  w i t h i n  t h e  c u r r e n t  yea r ,  so  i t  would appea r  t h a t  major  e l e c t r o n i c  
d i f f i c u l t i e s  are n o t  e x p e c t e d .  The shaded c u r v e ,  shown on f i g u r e  3,  r q r e s e n t s  
a " b e s t  estimate'' o f  t h e  t o t a l  s h e a r  stress ( v i s c o u s  p l u s  t u r b u l e n t ,  as g iven  by 
eq. ( 5 ) )  which w i l l  b e  d i s c u s s e d  i n  more d e t a i l  i n  t h e  f o l l o w i n g  p a r a g r a p h .  The 
measured v a l u e s  of  ouv were o b t a i n e d  wi th  h o t  w i r e  and laser  anemometers. The 
- 
measurements o f  Rose and Johnson,  r e f .  2 4 ,  w i t h  a laser  system do  n o t  r e q u i r e  
any a s sumpt ion  r e g a r d i n g  t h e  p r e s s u r e  f l u c t c a t i o n s .  I f  puv w e r e  t h e  o n l y  t e r m  
of impor t ance  i n  t h e  compress ib l e  t u r b u l e n t  s h e a r  stress r e l a t i o n ,  as i s  t h e  c a s e  
f o r  i n c o m p r e s s i b l e  f low,  t h e  l a se r  measurements s h o u l d  a g r e e  w i t h  t h e  shaded  c u r v e  
shown on f i g u r e  3 .  The laser  d a t a  a g r e e  approx ima te ly  w i t h  t h e  b e s t  estimate 
s h e a r  s t r e s s  d i s t r i b u t i o n  o v e r  t h e  o u t e r  60% of t h e  l a y e r .  Near t h e  s u r f a c e  
t h e  s y s t e m a t i c  d e v i a t i o n  o f  t h e  laser d a t a  from t h e  e x p e c t e d  r e s u l t s  poses  a 
q u e s t i o n  on t h e  accu racy  of t h e  d a t a .  While i t  i s  d i f f i c u l t  t o  a c c e s s  t h e  
a c c u r a c y ,  i t  w i l l  b e  shown t h a t  t h e  e v a l u a t i o n  of  
- 
7 and 7 from t h e  same set  
o f  d a t a  are i n  r e a s o n a b l e  agreement with t h e  i n c o m p r e s s i b l e  r e s u l t s .  
and 
Both uz 
7 were found t o  b e  s l i g h t l y  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  i n c o m p r e s s i b l e  
measurements o v e r  most o f  t h e  boundary l a y e r .  
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- 
A second  p o s s i b i l i t y  f o r  t h e  d e v i a t i o n  of  t h e  l aser  measurments (of  cuv 
from t h e  expec ted  t o t a l  s h e a r  s t r e s s  curve)  i s  t h a t  t h e  o t h e r  terms i n  t h e  
compress ib l e  s h e a r  s t ress ,  eq .  ( 5 ) ,  become i m p o r t a n t  n e a r  t h e  s u r f a c e .  The 
v i s c o u s  t e r m  was e s t i m a t e d  from t h e  mean v e l o c i t v  measurements,  and found t o  
b e  two o r d e r s  o f  magnitude smaller than  t h e  measured zuv term. The t u r b u l e n t  
t e r m  Vc75 would b e  expec ted  t o  b e  small n e a r  t h e  s u r f a c e ,  s i n c e  V i s  sma l l .  
A rough estimate based  on a l i n e a r  v a r i a t i o n  of  V ,  w i t h  (V/U& 0 . 1 ,  i n d i c a t e d  
t h i s  t e r m  i s  less t h a n  52 of  zuv. Also V p T  h a s  an o p p o s i t e  s i g n  comDared t o  
zuv,  so  i t  would a c t  t o  i n c r e a s e  r a t h e r  t h a n  d e c r e a s e  t h e  d e v i a t i o n  n e a r  t h e  
s u r f a c e .  I t  a p p e a r s  t h a t  t h e  d e v i a t i o n s  o c c u r  i n  t h e  r e g i o n  where t h e  t u r b u l e n t  
f l u c t u a t i o n  /+- v- i s  o f  t h e  same o r d e r  o f  magni tude as t h e  mean v e r t i c a l  v e l o c i t y  
component, V.  The tern ; ' U V  i s  g e n e r a l l y  s u g g e s t e d  t o  b e  q u i t e  smal l ,  a l t h o u g h  
t h e r e  i s  no d i r e c t  e x p e r i m e n t a l  i n f o r m a t i o n  a v a i l a b l e  on i t s  magnltude.  
- 
- 
- 
Although d i r e c t  measures o f  the t u r b u l e n t  s h e a r  stress f o r  s u p e r s o n i c  
boundary l a y e r s  are  n o t  s a t i s f a c t o r y ,  i n d i r e c t  e v a l u a t i o n  from t h e  e q u a t i o n s  o f  
motion a p p e a r  t o  g i v e  r e a s o n a b l y  c o n s i s t e n t  r e s u l t s .  For a z e r o  p r e s s u r e  
g r a d i e n t ,  s t e a d y  f low,  e q u a t i o n  (1) can b e  s o l v e d  f o r  t h e  s h e a r  stress 
I t  i s  p o s s i b l e  t o  make s u f f i c i e n t  mean f low measurements t o  e v a l u a t e  t h e  mean f low 
d e r i v a t i v e s  i n  t h e  i n t e g r a l  term. 
f o r  e q u a t i o n  (11) , an assumption of " s i m i l a r i t y "  w a s  employed. 
i n t r o d u c e d  by Meier and R o t t a ,  r e f  25, assumes that the v e l o c i t y  and t e m p e r a t u r e ,  
o r  d e n s i t y ,  p r o f i l e s  i n  t h e  x - d i r e c t i o n  are s e l f - s i m i l a r .  
However, f o r  t h e  e v a l u a t i o n s  t h a t  have appea red  
The s i m i l a r i t y  
Exact s i m i l a r i t y  f o r  
z e r o  p r e s s u r e  g r a d i e n t  f low r e q u i r e s  t ha t  t h e  w a l l  s h e a r  stress i s  c o n s t a n t  
with x ,  and t h e  boundary-hyer t h i e k n e s s  v a r y  l i n e a r  w i t h  x. I t  i s  e x p e r i -  
m e n t a l l y  found t h a t  t h e  i n c o m p r e s s i b l e ,  z e r o  p r e s s u r e  g r a d i e n t ,  boundary 
l a y e r  approaches t h e  s i m i l a r i t y  r equ i r emen t s  a t  " l a r g e "  Reynolds numbers, 
Z o r i c ,  r e f .  2 6 .  
-- . r i g u r e  4 i s  a s m a a r y  p l o t  o f  t h e  t o t a l  s h e a r  stress d i s t r i b u t i n n 5  com- 
p u t e d  from s i m i l a r i t y  forms o f  e q u a t i o n  (11). The d a t a  shown i n  t h e  n a i n  
p a r t  o f  f i g u r e  4 are  f o r  measurements a l o n g  f l a t  p l a t e s ,  c o n i c a l  n o d e l s  and 
on two-dimensional t u n n e l  wal l s .  A wide r ange  of  b o t h  Mach number and 
Reynolds number are r e p r e s e n t e d  i n  t h e  d a t a  used t o  compute t h e  d i s t r i b u t i o n s  
shown on f i g u r e  4 .  There are  s u r p i s i n g l y  o n l y  smal l  v a r i a t i o n s  i n  t h e  d i v e r s e  
number o f  measurements.  The d a t a  shown are  mainly f o r  n e a r  a d i a b a t i c  flow 
c o n d i t i o n s ,  a l t h o u g h  h e a t  t r a n s f e r  i s  a l s o  r e p r e s e n t e d .  The d a t a  o f  Horstman 
and Owen, r e f .  27, Danberg, re$; 2.8, (evaluate 'd  by Bushne l l  and 'Morr is ,  
r e f  29) and Samuels,  P e t e r s o n  and Adcock, r e f  30, ( a l s o  e v a l u a t e d  by Bushne l l  
and Mor r i s )  are a l l  f o r  w a l l  t o  freestream t e m p e r a t u r e  r a t i o s  of  t h e  o r d e r  
o f  0.45 t o  0 .48 .  Of t h e  d a t a  found i n  t h e  l i t e r a t u r e  o n l y  a s e t  of  t h r e e  
p r o f i l e s  r e p o r t e d  by R o c h e l l e ,  r e f .  31, f o r  M = 2 . 0 2 9 ,  2 . 4 8 0  and M = 4 . 9 7 5  
are not included on figure 4. The profile evaluated by Rochelle for !1 = 2 . 4 8 0  
falls approximately within the limits of those Shown on figure 4 (it appears to 
indicate a decreasing pressure gradient), but the other profiles fall well 
below the present results. Apparently some question arises in the technique of 
calculation used in this early evaluation. 
A " b e s t  estimate" f o r  t h e  s h e a r  d i s t r i b u t i o n  f o r  two-dimensional z e r o  
p r e s s u r e  g r a d i e n t ,  s u p e r s o n i c ,  t u r b u l e n t  boundary l a y e r s  w a s  c o n s t r u c t e d  
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from t h e  c u r v e s  of f i g u r e  4 .  The " b e s t  estimate" d i s t r i b u t i o n  i s  shown on 
f i g u r e s  3 ,  4 ( i n s e r t )  and 5 as the  shaded r e g i o n s .  From t h e  e q u a t i o n  of  
motion,  eq.  (1) th'e boundary c o n d i t i o n  € o r  t h e  s h e a r  s t r e s s  a t  t h e  wall i s  
For  a z e r o  p r e s s u r e  g r a d i e n t  t h e  s h e a r  d i s t r i b u t i o n  must approach t h e  
s u r f a c e  w i t h  z e r o  s l o p e .  O f  t h e  d i s t r i b u t i o n s  shown on f i g u r e  4 ,  t h e  Dro- 
f i l e s  of  Horstman and Owen, r e f .  27 ( f o r  R a  = 9 . 7 ~ 1 0 ~  o n l y )  and t h e  one 
from Danberg, r e €  28, ( e v a l u a t e d  by Bushne l l  and M o r r i s ,  r e f .  2 9 )  appea r  
?T I 
t o  i n d i c a t e  a n e g a t i v e  s l o p e  f o r  - 1  Thus, i n  drawing the b e s t  estimate 
d i s t r t b u t i o n  t h e  r e g i o n  n e a r  the w a l l  does n o t  i n c l u d e  t h e s e  t i ~ c  d i s c r i b u t i o n s .  
; y '  ' y=o 
The s ca t t e r  between t h e  p r o f i l e s  i n  t h e  o u t e r  r e g i o n  o f  t h e  boundary 
l a y e r  may r e p r e s e n t  a n  e x p e r i m e n t a l  u n c e r t a i n t y  i n  d e f i n i n g  t h e  boundary- 
l a y e r  edge. 
n o t  w e l l  d e f i n e d  i n  t h e  mean-flow measurements.  I n c o m p r e s s i b l e  measurements,  
s u c h  a s  t h o s e  o f  K l e b a n o f f ,  r e f .  3 2 ,  f o r  z e r o - p r e s s u r e - g r a d i e n t  boundary 
l a y e r s ,  show t h a t  t h e  t u r b u l e n t  s h e a r  stress goes t o  z e r o  a t  v a l u e s  s l i g h t l y  
g r e a t e r  t h a n  t h e  s t a t i s t i c a l  boundary-layer  edge.  A t  t h e  boundarv-layer  
edge t h e  i n c o m p r e s s i b l e  t u r b u l e n t  s h e a r  stress was approx ima te ly  EVO o r d e r s  
o f  magni tude less t h a n  t h e  w a l l  s h e a r  stress, as shown on f i g u r e  5.  It is 
r e a s o n a b l e  t o  assume t h a t  t h e  s u p e r s o n i c  s h e a r  stress s h o u l d  a l s o  approach 
c l o s e l y  t o  z e r o  a t  y/6 = 1. 
The boundary - l aye r  e'dge is a s t a t i s t i c a l  p r o p e r t y ,  which i s  
S e v e r a l  s h e a r  s t r e s s  d i s t r i b u t i o n s  f o r  boundary l a y e r s  i n  n o z z l e - t y p e  flows 
I t  i s  n o t  a t  p r e s e n t  p o s s i b l e  t o  d e t e r m i n e  are shown on t h e  i n s e r t  o f  f i g u r e  4 .  
t h e  v a l i d i t y  o f  t h e  s i m i l a r i t y  concept  i n  t h e  e v a l u a t i o n  of t h e s e  f lows.  
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I t  i s ,  however,  d o u b t f u l  t h a t  t h e  l a r g e  d i f f e r e n c e s  between axisymmetr ic  and 
two-dimensinnal f l o w s ,  shown on f i g u r e  4 ,  are t o  b e  e x p e c t e d .  
Between t h e  d i f f e r e n t  s e t s  o f  measurements r e p r e s e n t e d  on f i g u r e  4 ,  i t  
was n o t  p o s s i b l e  t o  i d e n t i f y  c o n s i s t e n t  Mach number o r  Reynolds number 
v a r i a t i o n s .  The s y s t e m a t i c  v a r i a t i o n  of Mach number a t  c o n s t a n t  Reynolds 
number, r e p o r t e d  by Meier and R o t t a ,  r e f .  25, a p p e a r s  t o  show a smal l  
s y s t e m a t i c  i n c r e a s e  i n  t h e  v a l u e s  o f  
most of  t h e  boundary l a y e r .  With pe rhaps  t h e  e x c e p t i o n  of  t h e  M = 4 . 5  d a t a ,  
t h e  v a r i a t i o n  w i t h  Mach number was q u i t e  small. S y s t e m a t i c  v a r i a t i o n  o f  
Reynolds number r e p o r t e d  by Horstman and Owen, r e f .  2 7 ,  and a l s o  Meier 
T / T ~  w i t h  i n c r e a s i n g  Xach number f o r  
and R o t t a  i n d i c a t e  a s l i g h t  d e c r e a s e  i n  t h e  v a l u e s  o f  T I T  w i t h  i n c r e a s i n g  
Reynolds numb2r f o r  most o f  t h e  boundary l a y e r .  The F o s s i b i l i t y  e x i s t s  
t h a t ,  s i n c e  a l l  t h e  e v a l u a t i o n s  employ t h e  s i m i l a r i t y  a p p r o x i m a t i o n s ,  t h e  
r e s u l t i n g  d i s t r i b u t i o n  must b e  locked t o  a s i m i l a r i t y  .shape.  Obv ious ly ,  
t h e  f i x i n g  o f  t h e  d i s t r i b u t i o n  t o  T I T W  = 1 a t  y/S = 0 and r / rW - 0 a t  
y/S = 1, t o g e t h e r  w i t h  a ze ro  s l o p e  a t  y/6 = 0, makes l a r g e  v a r i a t i o n s  
u n l i k e l y .  
W 
F o r  s u b s o n i c  flow t h e  v a r i a t i o n  of t h e  z e r o  p r e s s u r e  g r a d i e n t ,  t u r b u l e n t  
s h e a r  d i s t r i b u t i o n  from t h e  n e a r - s i m i l a r i t y  c o n d i t i o n  t o  a f low i j i t h  an o r d e r  
of  magni tude smaller Reynolds number i s  w i t h i n  t h e  accu racy  o f  t h e  measurements.  
F i g u r e  5 compares t h e  f a i r e d  i n c o m p r e s s i b l e  measurements o f  t u r b u l e n t  shea r  
stress r e p o r t e d  by Z o r i c ,  r e f .  26,  f o r  w i t h  K l e b a n o f f ' s  d a t a ,  
r e f .  32, f o r  
the s i m i l a r i t y  t y p e  t h a t  i s  p r e s e n t l y  assumed i n  the s u p e r s o n i c  s h e a r  stress 
e v a l u a t i o n s .  The comparison o f  t h e  i n c o m p r e s s i b l e  measurements a p p e a r s  t o  
3 Re = 42x10 
3 Re = 7.75~10 . The f low e v a l u a t e d  by Z o r i c  w a s  v e r y  c l o s e  t o  
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s u p p o r t  t h e  use  o f  t h e  s i m i l a r i t y  assumpt ions  t o  e v a l u a t e  t h e  t u r b u l e n t  
s h e a r  stress. The i n c o m p r e s s i b l e  measurements might w e l l  r e p r e s e n t  t h e  lower 
l i m i t  of  t h e  " b e s t  estimate" d i s t r i b u t i o n .  
Maise and FicDonald, r e f .  3 3 ,  have d e r i v e d  s h e a r  stress d i s t r i b u t i o n s  
b a s e d  on an e m p i r i c a l  c o r r e l a t i o n  of measured boundary l a y e r ,  mean v e l o c i t y  
p r o f i l e s .  T h e i r  p r e d i c t e d  s h e a r  d i s t r i b u t i o n  f o r  M = 5 is  shown on f i g u r e  
5. The e m p i r i c a l  d i s t r i b u t i o n  i s  h i g h e r  than  t h e  e x p e r i m e n t a l  e v a l u a t i o n s  
o v e r  most of t h e  l a y e r .  A s i m i l a r  o v e r - p r e d i c t i o n  of  t h e  i n c o m p r e s s i b l e  
s h e a r  d i s t r i b u t i o n  i s  a l s o  n o t e d  i n  t h e i r  r e s u l t s .  The a n a l y s i s  does ,  however,  
p r e d i c t e  a small i n c r e a s e  i n  t h e  s h e a r  stress a s  Mach number i n c r e a s e s ,  and 
a l s o  a s m a l l  d e c r e a s e  i n  s h e a r  stress a s  Reynolds number i n c r e a s e s .  
I n  summary i t  nay b e  proposed t h a t  measurements o f  t h e  t u r b u l e n t  s h e a r  
- -  - 
st ress ,  (-cuv - -D 'UV - Vp'u) ,  f o r  s u p e r s o n i c ,  z e r o  p r e s s u r e  g r a d i e n t ,  two- 
d imens iona l ,  a d i a b a t i c ,  t u r b u l e n t  boundary l a y e r s  shou ld  f a l l  w i t h i n  t h e  
" b e s t  estimate" cu rve ,  shown on  f i g u r e  3. Th& except ion ,  o f  c o u r s e ,  i s  t h e  
r e g i o n  ve ry  c l o s e  t o  t h e  s u r f a c e  where t h e  t u r b u l e n t  s h e a r  stress must drop 
t o  z e r o .  The z e r o  p r e s s u r e  g r a d i e n t  f l ow s h o u l d  serve as a check o f  t h e  
t u r b u l e c c e  measuring technique .  
Near t h e  s u r f a c e  t h e  v i scous  s h e a r  stress can b e  computed from t h e  mean 
v e l o c i t y  measurements,  s o  t h a t  the  t u r b u l e n t  s h e a r  stress drop-off  can be  
p r e d i c t e d .  For  i n c o m p r e s s i b l e  flow o f  a i r  t h e  r e g i o n  o f  t u r b u l e n t  s h e a r  
stress drop-off  o c c u r s  ex t r eme ly  c l o s e  t o  t h e  s u r f a c e ,  which makes a c t u a l  
measurements d i f f i c u l t .  The s u p e r s o n i c  t u r b u l e n t  boundary l a y e r s  t e n d  t o  
have  t h i c k e r  v i s c o u s  s u b l a y e r s ,  which may h e l p  t o  make measurements more 
a c c e s s i b l e .  The s u b l a y e r  becomes i n c r e a s i n g l y  t h i c k e r  as t h e  Mach number 
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i n c r e a s e s .  In  t h e  p a s t ,  ho t -wi re  measurements of t u r b u l e n t  s h e a r  s t ress  n e a r  
t h e  s u r f a c e  i n  i n c o m p r e s s i b l e  flows produce  v a l u e s  t h a t  a r e  h i g h e r  t h a n  
expec ted ,  Sandborn,  r e f .  3 4 ,  p .  2 9 4 .  The measurement d i f f i c u l t y  was found 
t o  b e  due t o  t h e  yawed h o t  w i r e  be ing  i n  a l a r g e  t u r b u l e n t  v e l o c i t v  g r a d i e n t ,  
s o  t h a t  n o n l i n e a r  ave rag ing  a c r o s s  t h e  w i r e  o c c u r s .  
The p r e s e n t  a n a l y s i s  h a s  demonst ra ted  t h a t  an ' ' o u t e r  reg ion"  boundary- 
l a y e r  s i m i l a r i t v  can b e  used t o  c o r r e l a t e  t h e  t o t a l  s h e a r  stress d i s t r i b u t i o n  
o v e r  t h e  comple te  l a y e r .  I t  i s  a l s o  g e n e r a l l y  accep ted  t h a t  an " i n n e r  r eg ien"  
s i n i l a r i t y  may b e  used near  t h e  s u r f a c e .  For s u b s o n i c  f low t h e  . r e l o c i t y  n e a r  
t h e  s u r f a c e  i s  found t o  s c a l e  a s  t h e  " f r i c t i o n / o r  s h e a r  v e l o c i t y , "  U-(: f i). 
Thus,  f o r  t h e  r e g i o n  where t h e  v i scous  s h e a r  stress i s  i m p o r t a n t ,  t h e  t u r b u l e n t  
W 
s h e a r  stress, as w e l l  as t h e  o t h e r  t u r b u l e n t  stress terms, mignt b e  expec ted  
t o  b e  a u n i v e r s a l  f u n c t i o n  of  t h e  c h a r a c t e r i s t i c  v e l o c i t y ,  UT and l e n g t h  
Y*( -  -1. 
(U = c o n s t a n t ,  d 6 / a x  = c o n s t a n t )  are  more r e s t r i c t e d  t h a n  f o r  t h e  i n n e r  
r e g i o n  s i m i l a r i t y  (2UT/ax = c o n s t a n t )  ( s e e  r e f .  26) .  
f lows  t h e  " i n n e r  reg ion ' '  s i m i l a r i t y  can b e  expec ted  t o  become i n c r e a s i n g l v  
YU- 
Requirements  f o r  t h e  e x i s t e n c e  of  s i m i l a r i t y  f o r  t h e - o u t e r  regi'on 
V 
T 
For super- and h y p e r s o n i c  
i m p o r t a n t .  The e x t e n t  o f  t h e  VLSSOUS r e g i o n  i n c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  
Xach number. For a Mach number o f  5 t h e  s u b l a y e r ,  d e f i n e d  as y* - .: 11, is 
roughly  t e n  times l a r g e r  t han  f o r  t h e  same Reynolds number a t  Mach number z e r o .  
I t  i s  found t h a t  t h e  mean v e l o c i t y  measurements are c o r r e l a t e d  by t h e  
i n n e r  s i m i l a r i t y  c o o r d i n a t e s  f o r  a l l  Mach numbers w i t h i n  t h e  s u b l a y e r  (y* < 11). 
P r o p e r  i n c l u s i o n s  of  t h e  d e n s i t y  v a r i a t i o n ,  such as t h a t  g iven  by Van Driest, 
r e f .  6 ,  are found t o  c o r r e l a t e  t h e  mean v e l o c i t y  d a t a  o u t  t o  v a l u e s  of y* 
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g r e a t e r  t h a n  2 0.  Fo r  s u b s o n i c  f low the  t u r b u l e n t  v e l o c i t y  components and s h e a r  
stress are  found t o  b e  c o r r e l a t e d  by t h e  i n n e r  s i m i l a r i t y  c o o r d i n a t e s  o n l y  i n  
t h e  v i s c o u s  s u b l a y e r .  F i g u r e  6 shows a s e t  of t u r S u l e n t  s h e a r  s t ress  d i s t r i b u t i c n s  
o b t a i n e d  by L a u f e r ,  r e f .  35, from mean v e l o c i t y  and p r e s s u r e  measurements i n  a 
f u l l y  deve loped  p i p e  f low.  Note t h a t  t h e  i n n e r  r e g i o n  s i m i l a r i t y  f o r  t h i s  i d e a l  
f l ow (E- - c o n s t a n t )  o n l y  e x t e n d s  o u t  t o  y* 2 0 .  A se t  of  ho t -wi re  measurements 
o f  t h e  t u r b u l e n t  s h e a r  stress r e p o r t e d  by Tieleman,  r e f .  36, f o r  t h e  l a r g e  
Reynolds number, i n c o m p r e s s i b l e  boundarv layer  i s  a l s o  shown on f i g u r e  6 .  I t  i s  
d i f f i c u l t  t o  o b t a i n  d i r e c t  measurements of  t h e  t u r b u l e n t  s h e a r  s t ress  i n  t h e  
w a l l  r e g i o n .  The ho t -wi re  measurements o f  T i e l e n a n  r e q u i r e d  up t o  20% c o r r e c t i o n s  
due t o  t h e  n o n l i n e a r  e f f e c t s  of  t u r b u l e n t  v e l o c i t y  g r a d i e n t s  a long  t h e  wi re .  
The measurements a r e  i n  agreement w i t h  t h e  r e s u l t s  o f  L a u f e r .  
S h e a r  stress measurements i n  s u p e r s o n i c  f lows do n o t  r e a c h  i n t o  t h e  v i s c o u s  
s u b l a y e r .  The t u r b u l e n t  s h e a r  stress d i s t r i b u t i o n s  de t e rmined  from mean v e l o c i t y  
measurements by Horstman and Owen, ref.  2 7 ,  were employed t o  e v a l u a t e  t h e  
c o m p r e s s i b l e  e f f e c t s  on t h e  t u r b u l e n t  i n n e r  r e g i o n  s i m i l a r i t y .  These c a l c u l a t i o n s  
were made assuming t h e  mean f l o w  is  similar i n  t h e  o u t e r  r e g i o n .  The i n s e r t  
on f i g u r e  6 shows t h e  comparison of  f o u r  se ts  o f  d a t a  t aken  a long  a c y l i n d r i c a l  
model i n  a Xach number 7 . 2  f low.  For t h e  w a l l  c o o r d i n a t e s  used i n  t h e  i n s e r t  
t h e  s i m i l a r i t y  does n o t  ex i s t  beyond y*  13. The main f i g u r e  6 i s  a r e D l o t  - - 
s c a l i n g  p a r a m e t e r  o r i g i n a l l y  sugges t ed  by Morkovin, r e f .  5 .  The Van Driest 
c o r r e c t i o n  i s  somewhat more complex i n  t h a t  an i n t e g r a l  c o r r e c t i o n  f o r  d e n s i t y  
i s  r e q u i r e d .  No c o r r e c t i o n  i s  r e q u i r e d  by t h e  y* c o o r d i n a t e .  The d e n s i t y  
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c o r r e c t i o n  c o r r e l a t e s  t h e  d a t a  o v e r  t h e  r e g i o n  10 < y* < 4 0 ,  which i s  somewhat 
b e t t e r  t h a n  found i n  L a u f e r ' s  p i p e  f low.  However, due t o  t h e  l i m i t e d  r e g i o n  
of t h e  i n n e r  s i m i l a r i t y ,  i t  was n o t  p o s s i b l e  t o  compare e x i s t i n g  compress ib l e  
t u r b u l e n c e  measurements i n  t h e s e  c o o r d i n a t e s .  The d i s a g r e e q e n t  i n  n a g n i t u d e  
between t h e  r e s u l t s  o f  Horstman and Owen and i n c o m p r e s s i b l e  r e s u l t s  may be due 
to u n c e r t a i n t i e s ,  such a s  t h e  e x t r a p o l a t i o n  of t h e  o u t e r  r e g i o n  s i m i l a r i t v  t o  
t h e  w a l l .  
The p r e s e n t  review demons t r a t e s  t h a t  t h e  g e n e r a l  magnitude of t h e  s h e a r  
stress d i s t r i b u t i o n  a c r o s s  a s u p e r s o n i c ,  a d i a b a t i c ,  z e r o  p r e s s u r e  g r a d i e n z ,  
t u r b u l e n t  boundary l a y e r  can b e  e s t i m a t e d  t o  w i t h i n  approx ima te ly  + l S Z .  The 
g e n e r a l  o b s e r v a t i o n  of Yorkovin,  r e f .  5 ,  t h a t  c o m p r e s s i b l e  e f f e c t s  on t h e  
t u r b u l e n c e  are "pass ive"  a p p e a r  v a l i d  f o r  t h e  s h e a r  stress d i s t r i b u t i o n .  I t  i s  
p o s s i b l e  t h a t  t h e  i n c o m p r e s s i b l e ,  z e r c  p r e s s u r e  g r a d i e n t ,  s h e a r  stress d i s t r i -  
b u t i o n  i s  an a d e q u a t e  model f o r  t h e  -super- and h y p e r s o n i c  f l o w s ,  a t  l eas t  up t o  
P.fach ;lumber 7 .  
For  o t h e r  t h a n  t h e  " i d e a l "  f l a t  p l a t e  case i n f o r m a t i o n  on t h e  t u r b u l e n t  
s h e a r  stress i s  q u i t e  l i m i t e d .  No s h e a r  stress i n f o r m a t i o n  f o r  h i g h l y  n o n a d i a b a t i c  
c a s e s  were found. Xaise and XcDonald, r e f  3 3 ,  demons t r a t ed  t h e  n o n s i m i l a r  n a t u r e  
of t h e  mean velociizy p r o f i l e s  f o r  s e v e r a l  cases, which s u g g e s t  major v a r i a t i o n s  
may o c c u r .  A l i m i t e d  amount o f  i n f o r m a t i o n  i s  a v a i l a b l e  f o r  p r e s s u r e  g r a d i e n t  
boundary l a y e r s .  Rose and Johnson ,  ref. 2 4 ,  and r e f .  37 ,  have r e p o r t e d  ho t -wi re  
and laser  anemometer measurements of p E  f o r  shock-wave-induced, p o s i t i v e  pressure 
g r a d i e n t  flows. S t u r e k ,  r e f .  38, g i v e s  c a l c u l a t i o n s  o f  the s h e a r  stress d i s -  
t r i b u t i o n s  (from e v a l u a t i o n  o f  t h e  e q u a t i o n  of motion)  f o r  an i sen t rop ic - r amp  
compression f low.  I n  s u b s o n i c  f l o w  a p o s i t i v e  p r e s s u r e  g r a d i e n t ,  which i s  
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r e f e r r e d  t o  as an a d v e r s e  p r e s s u r e  g r a d i e n t ,  normal ly  produces  a d e c r e a s e  in 
w a l l  s h e a r  stress and t h e  t u r b u l e n t  boundary l a y e r  approaches  s e p a r a t i o n .  
Al though,  s p e c i a l  a d v e r s e  p r e s s u r e  gradients have been produced w i t h  c o c s t a n t  
o r  s l i g h t l y  i n c r e a s i n g  w a l l  s h e a r  s t r e s s .  For  s u p e r s o n i c  f low a p o s i . t i v e  
p r e s s u r e  g r a d i e n t  can produce e i t h e r  (o r  b o t h )  boundary- layer  s e p a r a t i o n  a n d / o r  
a "Compression" of t h e  l a y e r  w i t h  l a r g e  i n c r e a s e s  i n  t h e  s h e a r  s t ress  b o t h  a t  
t h e  w a l l  and i n  t h e  l a y e r .  The "compression" t y p e  boundary l aye r  d e c r e a s e s  i n  
t h i c k n e s s  and developes  a maximum in t he  t o t a l  s h e a r  stress t h a t  can be many 
t ines g r e a t e r  than  t h e  w a l l  v a l u e .  I t  i s  d i f f i c u l t  t o  conce ive  of a s u b s o n i c  
f low t h a t  i s  e q u i v a l e n t  t o  t h e  s u p e r s o n i c  "compressicn" l a y e r .  Supe r son ic  boundary 
l a y e r s  e x p e r i e n c e  t h e  a d v e r s e  p r e s s u r e  g r a d i e n t  e f f e c t  o f  d e c r e a s i n g  w a l l  s h e a r ,  
which may r e s u l t  i n  f low s e p a r a t i o n ,  s l i g h t l y  ups t ream o r  i n  t h e  r e g i o n  o f  a 
shock-wave- in te rac t ion  o r  a compression t u r n .  However, once chrough t h e  shock 
wgve o r  on an  i s en t rop ic - r amp  the l a y e r  i s  s u b j e c t e d  t o  t h e  p o s i t i v e  p r e s s u r e  
g r a d i e n t  compression e f f e c t .  
. .  
- 
F i g u r e  7 is a p l o t  o f  t h e  t u r b u l e n t  s h e a r  t e r m ,  puv, r e f e r e n c e d  t o  t h e  w a l l  
s h e a r ,  measured by Rose, r e f .  37 ,*  and by Rose and Johnson,  r e f .  24.  The d a t a  
o f  Rose i s  d i v i d e d  i n t o  t h r e e  r e g i o n s  ( f i g u r e s  7 a ) ,  b ) ,  and c ) ) ,  t h e  approach 
r e g i o n ,  t h e  shock  wave i n c e r a c t i o n  r eg ion ,  and t h e  compression r e g i o n .  The 
w a l l  s h e a r  stress i n c r e a s e s  w i t h  x -d i s t ance  through t h e  i n t e r a c t i o n  and compression 
r e g i o n s .  Although t h e  approach d a t a  f o r  PUV do no t  agree w i t h  t h e  expec ted  
v a l u e s  o f  t h e  t o t a l  stress, t h e  g e n e r a l  i n c r e a s e  i n  v a l u e  through and downstream 
- 
of t h e  i n t e r a c t i o n  are l i k e l y  t o  b e  c h a r a c t e r i s t i c  o f  a "compression" l a y e r .  
The laser measurements of Rose and  Johnson,  r e f .  2 4 ,  ( f i g u r e  7d))  show t h e  
- 
*[Rose p l o t s  t h e  t e r m  (P=+ Up'v) as t h e  t u r b u l e n t  s h e a r  stress i n  h i s  r e p o r t . ]  
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c h a r a c t e r i s t i c  l a r g e  i n c r e a s e  i n  t h e  t o t a l  s h e a r  stress i n  t h e  compression 
r e g i o n .  The p r e s s u r e  d i s t r i b u t i o n  downstream of  t h e  shock-wave i n t e r a c t i o n ,  
r e p o r t e d  by Rose and Johnson,  i s  n e a r l y  c o n s t a n t ,  s o  t h e  boundary l a y e r  a t  
x = 9.375 s h o u l d  j u s t  be  s t a r t i n g  t o  r ecove r  t o  t h e  z e r o  p r e s s u r e  g r a d i e n t  c a s e .  
F i g u r e  8 shows t h e  t o t a l  s h e a r  stress d i s t r i b u t i o n s  e v a l u a t e d  from mean 
f low measurements by S t u r e k ,  r e f .  38, f o r  a n  i s e n t r o p i c - r a m p  - induced a d v e r s e  
p r e s s u r e  g r a d i e n t  f low.  Although i t  was n o t  c l e a r  from t h e  p a p e r  i t  a p p e a r s  t h a t  
the evaluations a r e  not based on any similarity assumptions (some reservations \$ere 
e x p r e s s e d  on t h e  assumption of  a c o n s t a n t  s t a t i c  p r e s s u r e  through t h e  l a y e r ) . "  
3 0 t h  t h e  a n a l y s i s  of  S t u r e k  and t h e  measurements or' Rose and Rose and Johnson 
i n d i c a t e  l a r g e  i n c r e a s e s  in t h e  magnitude o f  t h e  t u r 3 u l e n t  s h e a r  s t r e s s  a t  some 
d i s t a n c e  away from t h e  w a l l .  The compression flow p roduces  t h e  i n c r e a s e  i n  t h e  
w a l l  s h e a r  s tress,  and a l s o  e q u a t i o n  (12)  r e q u i r e s  t h a t  t h e  s h e a r  stress i n c r e a s e  
away from t h e  w a l l .  In c o n t r a s t ,  f o r  i ncompess ib l e ,  a d v e r s e  p r e s s u r e  g r a d i e n t  
f low a d e c r e a s e  i n  magnitude of  b o t h  t h e  w a l l  s h e a r  stress and t h e  maximum 
. .  
t u r b u l e n t  s h e a r  stress i s  norma l ly  observed.  The i n c o m p r e s s i b l e  r e s u l t s  o f  
Sandborn and S l o g a r ,  r e f .  39, are i n c l u d e d  as an i n s e r t  on f i g u r e  8 (where b o t h  
p r o f i l e s  are r e f e r e n c e d  t o  t h e  i n i t i a l  w a l l  s h e a r  stress v a l u e ) .  Thus,  t h e  
s u p e r s o n i c  "Compression" f low is q u i t e  d i f f e r e n t  from an i n c o m p r e s s i b l e ,  a d v e r s e  
p r e s s u r e  g r a d i e n t  flow. The compression e f f e c t  p roves  t o  be  a good " g e n e r a t o r "  
o f  t u r b u l e n t  s h e a r  stress. 
I t  is e x p e c t e d  t h a t  a s u p e r s o n i c  t u r b u l e n t  boundary l a y e r  approach ing  s e p a r a t i o n  
. would h a v e  a s h e a r  stress d i s t r i b u t i o n  t h a t  v a r i e s  much as shown i n  t h e  i n s e r t  
*The large v a r i a t i o n  of T w i t h  d i s t a n c e  downstream may a l s o  raise t h e  q u e s t i o n  
O f  the v a l i d i t y  of the boundary-layer  a s sumpt ions .  
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on f i g u r e  8. No t u r b u l e n c e  d a t a  on a s u p e r s o n i c ,  s e p a r a t i n g ,  t u r b u l e n t  boundary 
l a y e r  w a s  a v a i l a b l e .  The a c t u a l  v a r i a t i o n  from t h e  z e r o  p r e s s u r e  g r a d i e l l t  
s h e a r  stress d i s t r i b u t i o n  t o  t h e  s e p a r a t i o n  d i s t r i b u t i o n  obv ious ly  must o c c u r  
o v e r  a very  s h o r t  d i s t a n c e .  
- - c _  
F (-pvE' - V C ' E '  - u ' vE ' )  (13)  
q t  E v a l u a t i o n  of  t h e  t u r b u l e n t  h e a t  f l u x  term, 
a n  ':;l c';.tzi:ed i i l  rr.uc'n ilne same manner as t h e  s h e a r  stress term. For t h e  
i n s u l a t e d  f l a t  p l a t e  flow Meier and Ro t t a ,  r e f .  25 ,  have  de te rmined  t h e  t u r b u l e n t  
h e a t  f l u x  from t h e  energy  e q u a t i o n ,  eq. ( 4 ) .  S i m i l a r i t y  assumpt ions  a r e  also 
r e q u i r e d  f c r  t h e  h e a t  f l u x  eva l l J a t ions .  F l g u r e  9(a) i s  a p l o t  o f  t h e  t u r b u l e n t  
h e a t  f l u s  e v a l u a t e d  by Meier and Ro t t a  as f u n c t i o n s  b o t h  of  Mach and Reynolds 
number. The t u r b u l e n t  h e a t  f l u x  i s  found t o  i n c r e a s e  w i t h  i n c r e a s i n g  Mach number, 
and d e c r e a s e  wi th  i n c r e a s i n g  Reynolds number. (For  t h e  d i f f e r e n t  Xach numbers 
shown, t h e  Reynolds number (Re 2 - 1 . 9 ~ 1 0 ~ )  i s  approximat.ely c o n s t a n t .  
- F i g u r e  9b) .shows t h e  e v a l ~ a t i o n  by Horstmnq,and Owen, r e f .  2 7 ,  f o r  t h e  boundary 
l a y e r  a l o n g  a c y l i n d e r  
e f f e c t  is  a l s o  s e e n  i n  
i n g  Reynolds number). 
o b t a i n e d  f o r  t h e  h e a t  
. .  . .  
w i t h  h e a t  t r a n s f e r ,  TWITo = 0 . 4 6 .  The Reynolds number 
t h e  h e a t - t r a n s f e r  c a s e  ( i . e . ,  d e c r e a s i n g  
P o s i t i v e  v a l u e s  o f  q t  ( n o t  shown on f i g u r e  9b ) )  a r e  
t r a n s f e r  c a s e  n e a r  t h e  s u r f a c e ,  however,  t h e  r e g i o n  n e a r  
w i t h  i n c r e a s -  q t  
t h e  s u r f a c e  i s  u n c e r t a i n  due t o  t h e  s i m i l a r i t y  assumpt ions .  Over t h e  major  
p o r t i o n  of t h e  boundary l a y e r  t h e  " t u r b u l e n t 1 '  P r a n d t l  number, 
T (;E/?y) 
q+(h/"oY) ' 
t Pr = 
L 
was approx ima te ly  0.9 t o  0 .8  f o r  b o t h  t h e  a d i a b a t i c  and t h e  h e a t - t r a n s f e r  case. 
Near t h e  s u r f a c e ,  where t h e  s i m i l a r i t y  assumpt ions  are least  v a l i d ,  t h e  t u r b u l e n t  
P r a n d t l  number i n c r e a s e s  t o  v a l u e s  g r e a t e r  t h a n  one.  Near t h e  o u t e r  edge of 
t h e  l a y e r s  t h e  t u r b u l e n t  P r a n d t l  number d rops  t o  z e r o .  Direct measurements of  
t h e  t u r b u l e n t  h e a t  f l u x  terms have not  been r e p o r t e d .  
2 3  
For t h e  e v a l u a t i o n  of  ho t -wire  anemometer measurements i n  s u p e r s o n i c  f low,  
i t  is  u s u a l l y  found n e c e s s a r y  t o  assume t h a t  t h e  p r e s s u r e  f l u c t u a t i o n s  a r e  z e r o .  
The assumpt ion  o f  ze ro  p r e s s u r e  f l u c t u a t i o n s  t o g e t h e r  w i t h  t h e  e q u a t i o n  of  s t a t e  
l e a d s  t o  t h e  r equ i r emen t  t h a t  (see f o r  example,  Rose,  r e f .  3 7 )  
- - 
2v 'E '  =-Ep'v (14) 
- 
For t h i s  c a s e  t h e  t u r b u l e n t  h e a t  f l u x  is  j u s t  e q u a l  t o  V c ' E ' .  Rose, r e f .  3 7 ,  
r e p o r t s  measurements of t h e  'terms vT' and : ' v ,  which a r e  of  e x p e r i m e n t a l  n e c e s s i t y  
- - 
c o n s i s t e n t  w i t h  e q u a t i o n  ( 1 4 ) .  
T'ne i o A g i t u d i n a 1  t u r b u l e n t  v e i o c i t y ,  0, h a s  been measured bv a number 
of  e x p e r i m e n t e r s .  
r e f e r e n c e d  t o  . .  t h e  l o c a l  wal .1  s h e a r  s t ress  ( s q u a r e  r o o t ) ,  v e r s u s  y /5 .  S i n c e  t h e  
F i g u r e  10 i s  a p l o t  o f  t h e  l o n g i t u d i n a l  t u r b u l e n t  stress, ? u z ,  
t o t a l  s h e a r  stress w a s  found. t o  b e  n e a r l y  s i m i l a r ,  when r e f e r e n c e d  t o  t h e  w a l l  
s h e a r  and t h e  boundary- layer  t h i c k n e s s  ( f i g u r e  4 ) ;  i t  might  a l s o  b e  expec ted  
t h a t  each  o f  t h e  terms i n  t h e  t u r b u l e n t  stress t e n s o r  w i l l  show an e q u i v a l e n t  
s i m i l a r i t y  i n  t h e  o u t e r  r e g i o n .  
2 6 ,  demons t r a t ed  t h a t  a l l  t h e  terms i n  t h e  t u r b u l e n t  stress t e n s o r  o b t a i n e d  
s i m i l a r i t y  forms i n  t h e  o u t e r  r e g i o n .  For  t h e  i n c o m p r e s s i b l e ,  h i g h  R e m o l d s  
number case e v a l u a t e d  by Z o r i c  t h e  s i m i l a r i t y  a p p e a r s  t o  h o l d  f o r  v a l u e s  of 
y / d  - > 0.05. 
components w a s  found t o  b e  s lower  than  t h a t  obse rved  f o r  t h e  mean v e l o c i t y  o r  
t h e  t o t a l  s h e a r  stress. The d e v i a t i o n s  o f  t h e  h i g h  Reynolds number, s i m i l a r i t y  
measurements o f  Z o r i c ,  r e f .  2 6 ,  and t h e  low Reynolds number d a t a  of  K lebanof f ,  
r e f .  32,  i n  t h e  o u t e r  r e g i o n  are w i t h i n  t h e  e m e r i m e n t a l  accu racy  of  t h e  measure- 
ments.  
The incompress ib l e  measurements o f  Z o r i c ,  r e f .  
The approach  t o  s i m i l a r i t y  of t h e  i n d i v i d u a l  t u r b u l e n t  v e l o c i t y  
-- 35  -- 
JU2- d y )  ~ 2 U L  -
\ T  was o r i g i n a l l y  proposed  by Morkovin, 
UT ' p w  W The c o o r d i n a t e  
r e f .  5 ,  i n  1962 t o t a l l y  independent  of t h e  p r e s e n t  s i m i l a r i t y  concep t .  Morkovin 
viewed /@ as t h e  compress ib l e  s c a l i n g  pa rame te r .  Thus,  f i g u r e  l o a )  is  
e q u i v a l e n t  t o  f i g u r e  3 o f  Plorkovin's  paper ,  e x c e p t  r e c e n t  i n f o r m a t i o n  has  been 
i n c l u d e d .  
? W  
A l l  of  t h e  s u p e r s o n i c  measurements shown on f i g u r e  10 appea r  t o  a g r e e  c l o s e l v  
w i t h  t h e  i n c o m p r e s s i b l e  measurements i n  t h e  o u t e r  p a r t  o f  t5e l a v e r .  Onlv t h e  
d a t a  of  Johnson and Rose, r e f .  23  and 2 4 ,  appea r  t o  a g r e e  i n  t h e  r e g i o n  c l o s e  
t o  t h e  s u r f a c e .  The f a c t  t h a t  t h e  h o t  w i r e  and l a s e r  measurements of Johnson 
and Rose a g r e e  w i t h  each  o t h e r  was taken a s  j u s t i f i c a t i o n  t h a t  Dressu re  f l u c t u a -  
t i o n s  could be  n e g l e c t e d  i n  e v a l u a t i n g  t h e  hot -wire  o u t g u t .  The measurements 
o f  Kis t le r ,  r e f .  4 ,  and Rose,  r e f .  37,  i n  t h e  i n n e r  p a r t  o f  t h e  Layer show 
more o f  a n  i n c o n s i s t e n c y  w i t h  t h e  d a t a  o f  Johnson and Rose t h a n  would b e  
a t t r i b u t e d  t o  eitber Mach o r  Reynolds number v a r i a t i o n s .  
The measurements of Owen and Horstman, r e f .  4 0 ,  and Laderman and Demetr iades ,  
r e f .  1 7 ,  shown on f i g u r e  lob)  are f o r  coo led  w a l l  cases o f  
0.38 r e s p e c t i v e l y .  The s t a b i l i z i n g  e f f e c t  o f  t h e  c o o l i n g  can  act  t o  reduce  t h e  
t u r b u l e n c e .  Thus,  i t  is  p o s s i b l e  t h a t  t h e  h e a t  t r a n s f e r  produces  t h e  l a r g e  
d e v i a t i o n s  from s i m i l a r i t y  s e e n  i n  f i g u r e  lob )  *. P r e s s u r e  f l u c t u a t i o n s  nay a l s o  
Tw/To = 0 .46  and e 
*[Note t h a t  t h e  t o t a l  s h e a r  stress d i s t r i b u t i o n s  e v a l u a t e d  by Horstman and Owen, 
r e f .  27 ,  and  shown on f i g u r e  4 ,  are f o r  approx ima te ly  t h e  same f low c o n d i t i o n s  
3 
as t h e i r  d a t a  o f  f i g u r e  l o b ) .  The s h e a r  stress p r o f i l e  (Re = 9 . 7 ~ 1 0  ) of f i g u r e  
4 is  a t  t h e  same s t a t i o n ,  x = 225 cm, as t h e  t u r b u l e n c e  measurements ( c i r c l e s )  of  
f i g u r e  l o b ) .  
exists.  
s o  t h a t  t h e  assumpt ion  o f  s i m i l a r i t y  n e a r  t h e  s u r f a c e  f o r  t h e  h y p e r s o n i c  f low 
o f  Horstman and Owen appea r  q u e s t i o n a b l e .  I 
The t o t a l  s h e a r  stress p r o f i l e s  were computed assuming s i m i l a r i t y  
A s  n o t e d ,  t h i s  p r o f i l e  does no t  g i v e  t h e  expec ted  z e r o  s l o p e  a t  t h e  s u r f a c e ,  
25 
b e  a problem i n  t h e  h y p e r s o n i c  f l o w s ,  a l though  Laderman and Demetraides  have 
a t t e m p t e d  t o  c o r r e c t  f o r  t h e  p r e s s u r e  f l u c t u a t i o n s .  
Measurements of Rose, r e f .  37. and Rose and Johnson,  r e f .  2 4 ,  o f  t h e  l o n g i -  
t u d i n a l  t u r b u l e n t  s tress v a r i a t i c n  through a shock-wave-boundary-layer i n t e r a c t i g n  
are shown i n  f i g u r e  11. The neasurements  i n  t h e  approach r e g i o n  of t h e  f l o w s  
are i n c l u d e d  on f i g u r e  l o a ) .  The approach r e g i o n  l o n g i t u d i n a l  t u r b u l e n t  s t ress  
was i n  good agreement w i t h  t h e  expec ted  s i m i l a r i t y .  The e f f e c t  of t h e  shock-wave 
i n t e r a c t i o n ,  as s e e n  from f i g u r e  11, i s  t o  i n c r e a s e  t h e  l o n g i t u d i n a l  t u r b u l e n c e  
i n  t h e  i n n e r  two-rhirds  of  t h e  l a y e r .  The a b s o l u t e  magnitude o f  t h e  l o n g i t u d i n a l  
t u r b u l e n t  s h e a r  a c t u a l l y  i n c r e a s e s  w i t h  x t h roughou t  the f l o w ,  s i n c e  t h e  v a l u e  
o f  T~ i p c r e a s e s  v i t h  x. The d i s t r i b u t i o n s  m a i n t a i n  a d e f i n i t e  s i m i l a r i t y  in 
t h e  O u t e r  r e g i o n  o f  t h e  l a y a  Any d e v i a t i o n  of  t h e  measurements i n  t h e  o u t e r  
r eg ion .  from t h e  s i m i l a r i t y  p r o f i l e  w a s  w i t h i n  t h e  u n c e r t a i n t y  i n  d e f i n i n g  t h e  
boundary-layer  t h i c k n e s s .  The boundary-layer  t h i c k n e s s  had  t o  b e  de t e rmined  from. 
t e m p e r a t u r e  measurements,  s i n c e  t h e  shock wave masks t h e  v e l o c i t y  v a r i a t i o n .  
F i g u r e  12 is a summary p l o t  o f  r e p o r t e d  measumnents of t h e  v e r t i c a l  t u r b u l e n t  
stress, i o 7  , nond imens iona l i zed  by the  w a l l  shear stress. Problems i n h e r e n t  
i n  t h e  measurement of  t h e  t u r b u l e n t  s h e a r  stress are  a l s o  p r e s e n t  i n  t h e  measure- 
ment o f  VV' . The i n c o m p r e s s i b l e  measurements a l s o  show l a r g e r  d i sag reemen t  than  F 
p r e v i o u s l y  n o t e d  f o r  t h e  t o t a l  s h e a r  stress o r  t h e  l o n g i t u d i n a l  t u r b u l e n t  stress. 
The l a r g e  Reynolds number boundary-layer  measurements o f  Z o r i c ,  r e f .  26 ,  do 
n o t  show t h e  s low drop-off i n  dv7, as t h e  w a l l  w a s  approached.  D e r a i l e d  measure- 
ments of t h e  r e g i o n  v e r y  c l o s e  t o  t h e  s u r f a c e  i n  these l a r g e  boundary l a y e r s  were 
r e p o r t e d  by Tieleman,  r e f .  3 6 .  The d a t a  o f  Tieleman,  a l s o  i n c l u d e d  on f i g u r e  1 2 ,  
( n o t e  t h a t  t h e  measurements were c o r r e c t e d  f o r  t u r b u l e n c e  g r a d i e n t  e f f e c t s  on 
yawed w i r e s )  i n d i c a t e  a maximum v a l u e  of  /t3 o c c u r s  a t  a v a l u e  of  y / 6  2 0.025, 
26  
which co r re sponds  t o  a p h y s i c a l  d i s t a n c e  o f  2 .06  c m  from t h e  s u r f a c e .  The maximum 
v a l u e  of  / 7 f o r  K l e b a n o f f ' s  d a t a  occur s  a t  a v a l u e  o f  y l 3  0 . 1 8 ,  o r  y = 1 . 3 7  cr. 
The laser anemometer measurements of Johnson and Rose, r e f .  23 ,  f o r  s u p e r s o n i c  
f low were found t o  a g r e e  r easonab ly  w e l l  w i t h  t h e  l a r g e  Reynolds ,  incomDress ib le  
measurements o f  Zor i c  and Tieleman,  a s  shown on f i g u r e  1 2 .  The measurements o f  
Rose and Johnson a r e  perhaps  s l i g h t l y  h i g h e r  t h a n  might b e  ex?ec ted .  The agree-  
ment f o r  b o t h  t h e  u and v comnonents w a s  t a k e n  as a s t r o n g  i n d i c a t i o n  t h a t  
t h e  laser measurements were r e a s o n a b l e ,  a l thou3h  i t  i s  n o t  e s t a b l i s h e d  t h a t  t h e  
s u p e r s o n i c  r e s u l t s  shou ld  d e f i n i t e l v  agree  wi:h t h e  i n c o m p r e s s i b l e  d a t a .  
p r e v i o u s l y ,  t h e s e  r e s u l t s  would seem t o  s u g g e s t  t h a t  t h e  l a s e r  measurements o f  
3uv a r e  also v a l i d .  
As n o t e d  
- 
---7 
L a s e r  meas1Jrenents o f  /:vL downstream o f  a shock-wave-boundary-layer 
i n t e r a c t i o n  were r e p o r t e d  by Rose and J o h n s o n , . r e f .  2 4 ,  and a r e  shown i n  f i g u r e  
S 3 .  T h e i r  d a t a  show no a p p r e c i a b l e  e f f e c t  due t o  t h e  i n t e r a c t i o n , .  Hot-wire . . 
anemometry measurements th rough shock-wave-boundary-layer i n t e r a c t i o n s  are  r e p o r t e d  
by Rose,  r e f .  37 ,  and Rose and Johnson,  r e f .  2 4 .  However, i t  a p p e a r s  t h a t  q u e s t i o n s  
s t i l l  e x i s t  i n  t h e  e v a l u a t i o n  of hot-wire  d a t a  f o r  t h e  measure o f  7, as can be  
s e e n  frorn f i g u r e  1 2 .  
The b a s i c  measurement w i t h  :he hot -wire  anemometer i n  comDressible  f l o w  i s  
- 
t h e  mass f low f l u c t u a t i o n ,  ( p u ) ' ,  s i n c e  t h e  h e a t  t r a n s f e r  from t h e  wire  i s  
e q u a l l y  s e n s i t i v e  t o  t h e  d e n s i t y  and the  v e l o c i t y .  Thus,  one would assume t h a t  
t h e  mass f low f l u c t u a t i o n s  are more a c c u r a t e l y  measured t h a n  any o f  t h e  t u r b u l e n t  
stress t e n s o r  terms. F i g u r e  14 i s  a summary p l o t  o f  t h e  f a i r e d  p r o f i l e s  of t h e  
mass f low f l u c t u a t i o n s ,  r e f e r e n c e d  t o  t h e  l o c a l  mean mass f low,  v e r s u s  y /6  f o r  
2 7  
a number o f  s u p e r s o n i c  and l y p e r s o n i c  t u r b u l e n t  boundary l a y e r s .  The d a t a  o f  
K i s t l e r ,  r e f .  4 ,  f o r  one p a r t i c u l a r  wind t u n n e l  shows a s y s t e m a t i c  i n c r e a s e  i n  
t h e  l o c a l  nass f low f l u c t u a t i o n s  w i t h  i n c r e a s i n g  Mach number. 
t h e  mass f low f l u c t u a t i o n s  from one boundry l a y e r  t o  a n o t h e r  i s  t o o  g r e a t  t o  
s ugges t any s y s  temat i c e f f e c t s  . 
The v a r i a t i o n  of  
The mass f low f l u c t u a t i o n s  were r e p o r t e d  by Rose, r e f .  37, f o r  t h e  shock-  
wave-boundary-layer i n t e r a c t i o n .  A s  might b e  e x p e c t e d ,  t h e r e  was an i n c r e a s e  
i n  (z)' th rough t h e  compression r eg ion .  P o s s i b l y  t h e  h i g h  levels  o f  
( - u ) ' / p U  
compression e f f e c t s  i n  t h e  upstream nozz le  f low.  Values  of  Z ' U  and v?'w are 
f o r  t h e  approach r e g i o n ,  shown on f i g u r e  13, may b e  due t o  t h e  nonuniform 
- - 
- 
a l s o  giver ,  by Rose. The v a l u e s  of p ' w  were nea r ly  ze ro  
f l o h  r e g i o n .  The i r a luec  of  p ' v  are roughly one h a l f  of  
r e g i o n  and  i n c r e a s e  t o  about  t h e  same v a l u e s  as p ' u  i n  
- 
- 
compress ion  regeons .  
Tempera ture  f l u c t u a t i o n s  have  a l s o  been r e p o r t e d  f o r  
t .hroughout  t h e  c.ompl e t e  
c. ' u  i n  t h e  approach 
- 
t h e  i n t e r a c t i o n  and 
most o f  t h e  boundary 
l a y e r s  where t u r b u l e n c e  measurements were made. The r e s i s t a n c e  thermometer ,  
which i s  an unhea ted  h o t  wire,  was employed f o r  t empera tu re  measurements.  I n  
p r i n c i p l e  t o t a l  t empera tu re  f l u c t u a t i o n s  can b e  measured d i r e c t l y  w i t h o u t  
i n t e r a c t i o n  w i t h  d e n s i t y ,  p r e s s u r e ,  o r  v e l o c i t y  f l u c t u a t i o n s .  U n f o r t u n a t e l v ,  
d i f f i c u l t i e s  are  encoun te red ,  in t h a t  t h e  thermometer s u p p o r t s  may n o t  b e  a t  t h e  
same mean t e m p e r a t u r e  as t h e  s e n s o r .  
can b e  l a r g e ,  p a r t i c u l a r l y  a t  t h e  h igh  Mach numbers a n d / o r  low d e n s i t y  f lows .  
The h e a t - t r a n s f e r  e r r o r  due t o  t h e  s u p p o r t s  
F i g u r e s  15a)  and b )  are summary p l o t s  o f  t h e  r e p o r t e d  t o t a l  and s t a t i c  
t e m p e r a t u r e  f l u c t u a t i o n s .  It i s  n o t  r e a d i l y  a p p a r e n t  how t o  c o r r e l a t e  t h e  
2 8  
d i f f e r e n t  measurements .  Morkovin, ref. 5 ,  s u g g e s t e d  t h e  t o t a l  t empera tu re  
f l u c t u a t i o n s  b e  nondimens iona l ized  by d i v i d i n g  by t h e  d i f f e r e n c e  between f r e e -  
stream s t a t i c  and t o t a l  t empera tu re .  The p r e s e n t  c o r r e l a t i o n  employs t h e  
r ecove ry  t e m p e r a t u r e  r a t h e r  than  t h e  t o t a l  t e m p e r a t u r e ,  as a p o s s i b l e  improvement 
i n  t h e  i n c l u s i o n  o f  hype r son ic  d a t a .  The h y p e r s o n i c  d a t a  a v a i l a b l e ,  Oven and 
Horstman, r e f .  4 0 ,  and Laderman and Demetr iades ,  r e f .  1 7 ,  i n c l u d e  e f f e c t s  of 
h e a t  t r a n s f e r .  I t  i s  n o t  obvious  t h a t  temperacure  f l u c t u a t i o n s  i n  t h e  p r e s e n c e  
o f  h e a t  t r a n s f e r  would b e  expec ted  t o  a g r e e  w i t h  t h o s e  in a d i a b a t i c  f l o w .  IC 
is s u r p r i s i n g  t h a t  t h e  h e a t - t r a n s f e r  f lows  do n o t  i n d i c a t e  l a r g e r  t empera tu re  
f l u c t u a t i o n s  than  t h e  a d i a b a t i c  f l o w s .  
The s t a t i c  t empera tu re  f l u c t u a t i o n  i n t e n s i t i e s  a r e  weighted  by a re2re- 
s e n t a t i v e  mean s t a t i c  t empera tu re  d i f f e r e n c e  a c r o s s  t h e  boundary l a y e r .  Th i s  
w e i g h t i n g  i s  s imi la r  t o  t h a t  employed by K i s t e r ,  r e f .  4 ,  excep t  t h e  recovery  
t e m p e r a t u r e  is used ( f i g u r e  15b) r a t h e r  t h a n  t h e  t o t a l  t empera ty re .  These 
c o o r d i n a t e s  are  based  on t h e  concept  t h a t  t h e  t empera tu re  f l u c t u a t i o n  l e v e l  shou ld  
b e  p r o p o r t i o n a l  t o  the mean tempera ture  g r a d i e n t  a c r o s s  t h e  boundary l a y e r ,  which 
w a s  p roposed  o r i g i n a l l y  by Kovasznay, r e f .  2 .  With t h e  e x c e p t i o n  of  Rose ' s  
measurements ,  t h e  s u p e r s o n i c  boundary l a y e r s  appea r  t o  b e  r easonab ly  w e l l  c o r r e l a t e d  
w i t h  one a n o t h e r .  The h y p e r s o n i c ,  hea t  t r a n s f e r ,  boundary l a y e r  d a t a  a g r e e  
rough ly  w i t h  t h e  a d i a b a t i c  s t a t i c  t empera tu re  v a r i a t i o n .  
F i g u r e  16  i s  a summary p l o t  of measurements of  t h e  mass f lux - t empera tu re  
c o r r e l a t i o n .  The c o r r e l a t i o n s  appear  t o  va ry  g r e a t l y  from one boundary l a y e r  
t o  a n o t h e r .  
l a y e r s ,  which appea r  t o  s u g g e s t  a n e a r  c o n s t a n t  v a l u e  of  
The b e s t  agreement i s  f o r  t h e  c o o l e d  w a l l ,  h y p e r s o n i c ,  boundary 
2 0.6 o v e r  most RfllT 
29 
of  t h e  l aye r .  The s u p e r s o n i c  d a t a  r e p o r t e d  by Rose, r e f .  4 1 ,  g i v e  c o r r e l a t i o n s  
- 
of  approx ima te ly  one.  E v a l u a t i o n  of  t h e  c o r r e l a t i o n  U T ' ,  n e g l e c t i n g  p r e s s u r e  
f l u c t u a t i o n s ,  was a l s o  r e p o r t e d  by most of  t h e  e x p e r i m e n t e r s .  
The major  m i s s i n g  measurements i n  c o m p r e s s i b l e  t u r b u l e n t  boundarv l a y e r s  a r e  
t h e  p r e s s u r e  f l u c t u a t i o n s .  A s  n o t e d ,  i t  w a s  n e c e s s a r y  t o  make some d i r e c t  
assumption r e g a r d i n g  t h e  magnitude o f  t h e  p r e s s u r e  f l u c t u a t i o n s ,  i n _ o r d e r  t o  
e v a l u a t e  t h e  hot-wire  measuranents. Most of t h e  e v a l u a t i o n  t e c h n i q u e s  s imply  
n e g l e c t  t h e  p r e s s u r e  f l u c t u a t i o n s .  Laderman and Demetr iades ,  r e f .  1 7 ,  emploved 
a n  assumption t h a t  t h e  e n t r o p y  and v o r t i c i t y  were o u t  o f  p h a s e ,  b u t  p e r f e c t l y  
c o r r e l a t e d  ( R _  = -1). A l s o  t hey  assumed t h a t  t h e  sound mode w a s  n o t  c o r r e l a t e d  
w i t h  e i t h e r  t h e  e n t r o p y  o r  v o r t i c i t y  modes. These a s sumpt ions ,  t o g e t h e r  w i t h  
J -  
t h e i r  d a t a  g i v e  p r e s s u r e  f l u c t u a t i o n  i n t e n s i t i e s  t h a t  are s l i g h t l y  l a r g e r  than 
t h e  c o r r e s p o n d i n g  d e n s i t y  f l u c t u a t i o n  i n t e n s i t i e s .  I n  f i g u r e  l o b )  t h e  measure- 
ments o f  / - '7 e v a l u a t e d  by Laderman and Dernetriades,  r e f .  1 7 ,  w i t h  t h e  
assumed c o r r e c t i o n s  f o r  p r e s s u r e  f l u c t u a t i o n s  are  compared w i t h  measurements o f  
. T 
W 
Owen and Horstman, r e f .  40, where t h e  p r e s s u r e  f l u c t u a t i o n s  were n e g l e c t e d .  The 
c o r r e c t i o n s  do n o t  a p p e a r  t o  show a measurable  e f f e c t  a t  least  i n  t h e  midd le  
r e g i o n  of  t h e  l a y e r .  The agreement of t h e  h y p e r s o n i c  d a t a  w i t h  t h e  i n c o m p r e s s i b l e ,  
s i m i l a r i t y  p r o f i l e  o f  T o r i c  would appear t o  j u s t i f y  t h e  n e g l e c t  of  p r e s s u r e  
f l u c t u a t i o n s  i n  t h e  outer r e g i o n .  
While  d i r e c t  measure o f  p r e s s u r e  f l u c t u a t i o n s  i n  the boundary l a y e r ,  o t h e r  
t h a n  a t  t h e  s u r f a c e ,  have n o t  proven f e a s i b l e ,  i t  i s  p o s s i b l e  tha t  independen t  
measurements o f  d e n s i t y  f l u c t u a t i o n s  can b e  made. Recent  developments i n  o p t i c a l  
s c h l i e r e n  t e c h n i q u e s ,  Wilson and Damkevala, r e f .  4 2 ,  and i n t e r f e r o m e t r y  t e c h n i q u e s ,  
Wehrmann, r e f .  4 3 ,  have shown the f e a s i b i l i t y  o f  measuring d e n s i t y  f l u ' c t u a t i o n s .  
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For  low d e n s i t y  f l o w s ,  Wallace, r e f .  4 4 ,  h a s  used a n  e l e c t r o n  beam t o  o b t a i n  
d e n s i t y  f l u c t u a t i o n s .  Harvey and B u s h n e l l ,  r e f .  4 5 ,  show t h e  v a r i a t i o n  of 
t h e  d e n s i t y  f l u c t u a t i o n s  o b t a i n e d  from W a l l a c e ' s  measurements.  These measure- 
ments were t a k e n  i n  a h v p e r s o n i c  shock t u n n e l ,  w i t h  a Tier? l a r g e  t empera tu re  
d i f f e r e n c e  a c r o s s  t h e  flow. The measured density f l u c t u a t i o n s  a re  much loiver 
t han  would b e  i n d i c a t e d  by t h e  t empera tu re  e v a l u a t i o n s  shcwn on  f i g u r e  1 5 b ) .  
Neasurements of  t h e  d e t a i l e d  s t r u c t u r e  of t h e  t u r b u l e n t  f l x t u a t i - o n s  a r e  
a l s o  a v a i l a b l e .  In o r d e r  t o  e v a l u a t e  t h e  f r equency  r equ i r emen t s  o f  t h e  
i n s t r m e n t a t i o n  used f o r  super-  and hvne r son ic  t u r b u l e n c e  m e a s u r e c e n t s ,  cne 
ene rgy  spec t rum i s  n e c e s s a r y .  Some form o f  t h e  mass f l u x  o r  l o n g i t u d i n a l  . 
t u r b u l e n t  v e i o c i t y  s p e c t r a  is  r e p o r t e d  f o r  most s t u d i e s ,  u n f o r t u n a t e l y ,  i t  
i s  q u i t e  d i f f i c u l t  t o  comFare t h e  many d i f f e r e n t  forms o f  t h e  s p e c t r a  t h a t  have 
. been p r e s e n t e d .  T h e o r e t i c a l  c o n s i d e r a t i o n s  s u g g e s t  a s p e c t r a  form r e f e r e n c e d  . .  
t o  a c h a r a c t e r i s t i c  wave number and d i s s i p a t i v e  scale b e  used. For  l a r g e  
Reynolds numbers, i t  i s  found t h a t  both a t m o s p h e r i c  and wind t u n n e l  t u r b u l e n c e  
s p e c t r a  r e d u c e  t o  a u n i v e r s a l  c u r v e  f o r  t h e  h i g h e r  wave numbers, when t h e s e  
s c a l i n g  parameters are  employed, Sandborn and X a r s h a l l ,  r e f .  4 6 .  A t  t h e  low 
wave number o r  low f r equency  end of  t h e  s p e c t r a  t h e  p h y s i c 3 1  s c a l e  of t h e  
l o c a l  f low w i l l  de t e rmine  t h e  i n d i v i d u a l  spec t r a .  The r e q u i r e d  d i s s i p a t i o n  
scales are n o t  a v a i l a b l e  f o r  t h e  high-speed f lows  s t u d i e d ,  s o  t h e  e v a l u a t i o n  
of  t h e  u n i v e r s a l  s p e c t r a  is n o t  a t t empted .  A s  a rough approx ima t ion ,  i t  
might b e  assumed t h a t  t h e  f low s c a l e s  f o r  t h e  h i g h  s p e e d  tests are  abou t  t h e  
same. 
might  b e  a l o g i c a l  cho ice .  
Thus,  t h e  comparison of the measured s p e c t r a  i n  wave number c o o r d i n a t e s  
Detai led measurements of the  s p e c t r a l  v a r i a t i o n  
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through a l a r g e  t u r b u l e n t  boundary layer  f o r  i n c o m p r e s s i b l e  f low was r e p o r t e d  
by Tie leman,  r e f .  36. For  t h e  i n c o m p r e s s i b l e  f low a f ami ly  o f  s y s t e m a t i c  
deve lop ing  s p e c t r a  w2re found n e a r  t he  s u r f a c e ,  ( I n s e r t ,  f i g u r e  1 7 ) .  Once 
t h e  o u t e r  r e g i o n ,  where s i m i l a r i t y  of  t h e  mean flow ex i s t s ,  was r eached  t h e  wa1.e 
number s p e c t r a  a r e  a l l  i d e n t i c a l  and do n o t  v a r y  w i t h  t h e  y - d i s t a n c e .  
F i g u r e  1 7  i s  a p l o t  of t h e  wave number spec t rum;  
where 
(II 
F(k)  dk z 1 
and 
27f k = wave number = - ; where f i s  t h e  f requency  
u i n  h e r t z ,  and U i s  t h e  l o c a l  
mean v e l o c i t y  i n  f t l s e c  
..2 
; where $ is  t h e  mean s q u a r e  
U t u r b u l e n t  energy  p e r  u n i t  h e r t z  
a t  t h e  f r equency ,  f ,  and 
7 is. t h e  t o t a l  mean- squa re  ' 
t u r b u l e n t  energy  f o r  a l l .  f r e q u e n c i e s .  
The data  o f  Horstman and Owen ( n o t  p r e v i o u s l y  r e p o r t e d ,  b u t  f o r  t h e  same f low 
as r e p o r t e d  i n  r e f e r e n c e  40) are f o r  t h e  mass flux, (z)'. The o t h e r  spectra are 
f o r  t h e  l o n g i t u d i n a l  t u r b u l e n t  v e l o c i t y ,  7. 
t h e  o u t e r  edge spec t rum o f  Horstman and Owen (y = 3.36 cm and y I6  = . 9 6 ) ,  t h e  
s p e c t r a  a p p e a r  t o  va ry  d i r e c t l y  a s  the  d i s t a n c e  from t h e  s u r f a c e .  
With perhavs  t h e  e x c e p t i o n  of 
F i g u r e  1 7  shou ld  serve as  a means of de t e rmin ing  t h e  expec ted  f requency  
range  o f  i n t e r e s t  i n  boundary- layer  measurements. 
as a f u n c t i o n  o f  y -d i s t ance ,  is  known, t h e  f requency  co r re spond ing  t o  any 
g iven  wave number can b e  computed. The lower bound on wave number might be 
Once t h e  mean v e l o c i t y ,  
3 2  
r e p r e s e n t e d  by t h e  c u r v e  of  Tieleman f o r  y = 1 7 . 8  cm. The u w e r  l i m i t  on 
wave number most c e r t a i n l y  w i l l  f a l l  w i t h i n  t h e  l i m i t s  o f  t h e  c u r v e  g iven  bv 
Tieleman f o r  y = .0025 cm. This curve a t  y = .0025 cm i s  anprox ima te ly  t h e  
same as t h e  d a t a  of Morkovin, shown on f i g u r e  1 7 ,  f o r  t h e  lower wave numbers. 
Note t h e  most s e v e r e  f requency r equ i r emen t s  o c c u r  when v e r y  h i g h  v e l o c i t i e s  
( t h i n  boundary l a y e r s )  a r e  measured verv c l o s e  t o  t h e  w a l l .  
S p e c t r a  f o r  t e m p e r a t u r e  f l u c t u a t i o n s  are a l s o  a v a i l a b l e .  The f r equency  
c o n t e n t  of t h e  t empera tu re  f l u c t u a t i o n s  a n n e a r  s imi l a r  t o  t h e  v e l o c i t y  f l u c t u a -  
t i o n s .  Laderman and D e n e t r i a d e s ,  r e f .  1 7 ,  f i n d  t h a t  t h e i r  t e m p e r a t u r e  and 
v e l o c i t v  s p e c t r a  a r e  n e a r l y  t h e  same when p l o t t e d  as u L / u L  and -- f ( f = o )  
f L x  v e r s u s  . The s c a l e  l e n g t h  L corresDonds t o  Taylor's T IT- ( f = o )  X 
rnacroscale  o f  t u r b u l e n c e ,  and i s  s l i g h t l y  d i f f e r e n t  f o r  v e l o c i t y  and t e m p e r a t u r e .  
This. t y p e  o f  s c a l i n g  would n o t  appear  t o  c o r r e l a ' t e  t h e  measurements o f  e i t h e r  
Morkovin o r  Horstrnan a n d ' h e n .  
I n f o r m a t i o n  r e l a t e d  t o  the frequency a n a l y s i s  o f  t u r b u l e n t  s i g n a l s  are 
a l s o  a v a i l a b l e  from a u t o c o r r e l a t i o n  measurements. A u t o c o r r e l a t i o n  measurements 
have been r e p o r t e d  by Owen and Horstman, r e f  4 7 ,  f o r  h y p e r s o n i c  boundary l a y e r s .  
Demet r i ades ,  r e f .  4 8 ,  h a s  made s i m i l a r  measurements f o r  s u p e r s o n i c  wake f low,  
The a u t o c o r r e l a t i o n  and t h e  energy s p e c t r a  are r e l a t e d  by a F o u r i e r  t r a n s  forma- 
t i o n .  I t  w a s  a l s o  demons t r a t ed  (with t h e  e x c e p t i o n  of v e r v  c l o s e  t o  t h e  s u r f a c e )  
by Owen and Horstman t h a t  t h e  a u t o c o r r e l a t i o n  w a s  app rox ima te ly  e q u a l  t o  t h e  
s p a c e - c o r r e l a t i o n  f o r  small  t i m e s  ( . 6  m i l l i s e c o n d s )  o r  c o n v e c t i o n  d i s t a n c e s  
when " T a y l o r ' s  hypo theses"  o f  space- t ime t r a n s f o r m a t i o n  w a s  employed. 
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The scales o f  t u r b u l e n c e  were o r i g i n a l l y  d e f i n e d  by Tay lo r  based  on t h e  
Rx , s p a c e  c o r r e l a t i o n  c o e f f i c i e n t ,  
X 
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By use  o f  t h e  F o u r i e r  t r a n s f o r m a t i o n  t h e  s c a l e s  are related t o  t h e  wave 
number s p e c t r a l  f u n c t i o n ,  F(k) as 
7 
L = - -  F(k=o) 
2 7  X 
and 
(16)  
Owen and Horstman, r e f .  40 ,  e v a l u a t e d  t h e  t u r b u l e n t  macrosca le  from t h e i r  
a u t o c o r r e l a t i o n  measurements ,  u s i n g  e q u a t i o n  (16)  and T a y l o r ' s  h y p o t h e s i s . .  
L a d e m a n  and Demetr iades ,  r e f .  1 7  (Phi lco-Ford r e p o r t ) ,  employed a form o f  
e q u a t i o n  (18) t o  e v a l u a t e  t h e  macroscale i n  t h e i r  boundary l a y e r .  
i s  a p l o t  of L I6 f o r  t h e s e  two hype r son ic  boundary l a y e r s .  I n  f i g u r e  18a)  
t h e  d a t a  o f  Owen and Horstman are f o r  mass f l u x ,  w h i l e  t h a t  of  Laderman and 
F i g u r e  18 
X 
Demetr iades  a r e  f o r  t h e  l o n g i t u d i n a l  v e l o c i t y .  The h y p e r s o n i c  boundary l a y e r  
scales are much l a r g e r ,  compared t o  t h e  boundary l a y e r  t h i c k n e s s ,  t h a n  t h o s e  
r e p o r t e d  f o r  i n c o m p r e s s i b l e  f low.  Values o f  (L / 6 )  0.25 o v e r  t h e  o u t e r  
p o r t i o n  of  t h e  boundary l a y e r  were repor ted  by Sandborn and S loga r ,  r e f .  49, f o r  
X 
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an  i n c o m p r e s s i b l e  boundary l a y e r  o f  6 2 5 cm. The l a r g e  boundary l a y e r s  
o f  Tieleman g i v e  v a l u e s  of  (Lx /6 )  0.1. Thus,  t h e  boundary l a y e r  t h i c k n e s s  
i s  n o t  an  adequa te  s c a l i n g  l e n g t h  f o r  t h e  t u r b u l e n t  s c a l e s .  
The t empera tu re  scales measured by Owen and Horstman a r e  s m a l l e r  t han  
t h e  mass f l u x  s c a l e s .  For  Laderman and Demetr iades '  n e a s m e n t s  t h e  s c a l e s  
a r e  approx ima te ly  t h e  same. 
E v a l u a t i o n  of  t h e  m i c r o s c a l e  from e q u a t i o n  (19)  does n o t  appea r  t o  have 
been  r e p o r t e d  f o r  s u p e r s o n i c  f lows .  Owen and Horstman, r e f .  4 0 ,  r e p o r t  v a l u e s  
o b t a i n e d  by c u r v e  f i t t i n g  a p a r a b o l a  t o  t h e  a u t o c o r r e l a t i o n  c u r v e s .  The 
v a l u e s  o f  
t h e  macrosca le  v a l u e s .  From subson ic  measurements t h e  r a t i o  i !L i s  
found t o  b e  approx ima te lv  0 .1  t o  0 . 2 .  I t  is s u s p e c t e d  t h a t  t h e  f requencv  
Ax o b t a i n e d  by t h e  e v a l u a t i o n  were n e a r l y  e q u a l  i n  magnitude t o  
x x  
r e s o l u t i o n  w a s  n o t  adequa te  t o  d e f i n e  t h e  p a r a b o l a  a t  t h e  t = 0 i n t e r c e p t  of 
t h e  a u t o c o r r e l a t i o n  cu rve  . fo r  Owen and Horstman's  d a t a .  
The r e c e n t  s t u d y  o f  Owen and Horstman, r e f .  40, i n c l u d e s  d a t a  on t h e  
a m p l i t u d e  d i s t r i b u t i o n  o f  t h e  mass f l u x  and t empera tu re  f l u c t u a t i o n s .  D e t a i l e d  
measurements of  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  o f  t h e s e  f l u c t u a t i o n s  throughout  
t h e  h y p e r s o n i c  boundary l a y e r  a r e  p r e s e n t e d .  The mass f l u x  f l u c t u a t i o n  ampl i tude  
was found t o  b e  skewed n e g a t i v e  n e a r  t h e  s u r f a c e ,  which was a s s o c i a t e d  w i t h  
l a r g e  i n t e r m i t t e n t  p o s i t i v e  "sp ikes"  i n  t h e  mass f l u x .  A t  t h e  o u t e r  edge 
o f  t h e  boiindary l a y e r  t h e  r e v e r s e  e f f e c t  was found.  The t o t a l  t empera tu re  
w a s  a l s o  found t o  b e  skewed n e g a t i v e  n e a r  t h e  s u r f a c e .  D i r e c t  measurements 
of t h e  "skewness f a c t o r "  (T/(T) ) are r e p o r t e d  by Owen and Horstman. 
3 / 2  
The i n t e r m i t t e n t  a s p e c t s  o f  hype r son ic  boundary l a y e r s  have been measured 
by b o t h  Owen and Horstman, r e f .  40, and Laderman and  Demetr iades ,  r e f .  1 7 .  
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F i g u r e  1 9  shows t h e  measured v a l u e s  o b t a i n e d  f o r  t h e  i n t e r m i t t e n c y  f a c t o r ,  y 
(where 1 is f u l l y  t u r b u l e n t  and 0 i n d i c a t e s  no t u r b u l e n c e ) ,  a c r o s s  t h e  boundary 
l a y e r .  The i n t e r m i t t e n c y  f a c t o r s  given by Owen and Horstman was f o r  t h e  mass 
f low f l u c t u a t i o n s ,  w h i l e  t h o s e  o f  Laderman and Demetr iades  a l s o  i n c l u d e  
t e m p e r a t u r e  f l u c t u a t i o n s .  Temperature  i n t e r m i t t e n c y  f a c t o r s  r e p o r t e d  bv Owen 
and Horstman were s l i g h t l y  h i g h e r  than t h e i r  mass f l u x  v a l u e s .  Note also 
t h a t  t h e  v a l u e s  o b t a i n e d  by Owen and Horstman were de termined  from measurements 
L 
of  t h e  " f l a t n e s s  f a c t o r , ' '  
were found d i r e c t l y  w i t h  a s p e c i a l  e l e c t r o n i c  c i r c u i t .  
p/(T), whi le  t h o s e  o f  Laderman and Demetr iades  
I n  F i g u r e  1 9  i t  i s  s e e n  t h a t  t he  i n t e r m i t t e n t  o u t e r  r e g i o n  o f  t h e  h v p e r s o n i c  
boundary l a y e r s  ex tend  o v e r  less than  20% o f  t h e  boundarv- layer  t h i c k n e s s ,  w h i l e  
i n t e r m i t t e n c y  i n  t h e  s u b s o n i c  Soundary l a y e r  o c c u r s  o v e r  50 t o  60% of  t h e  l a v e r .  
Both c o m p r e s s i b i l i t y  and t h e  p re sence  o f  t h i c k e r  s u b l a y e r s  i n  t h e  h y p e r s o n i c  
f low may act  t o  reduce  t h e  i n t e r m i t t e n t  r e g i o n  of t h e  o u t e r  f low.  Reynolds . 
number is  n o t  e x p e c t e d  t o  have a direct  e f f e c t ,  as t h e  l a r g e  s c a l e  boundary 
l a y e r s  o f  Z o r i c ,  r e f .  2 6 ,  and Tieleman, r e f .  36, ( i n t e r m i t t e n c y  measurements 
were made, but  n o t  r e p o r t e d )  have i n t e r m i t t e n c y  f a c t o r s  much t h e  same 
as measured by Klebanof f ,  r e f .  32. F u r t h e r  measurements o f  t h e  i n t e r m i t t e n c y  
i n  b o t h  s u p e r s o n i c  and h i g h  subson ic  f l o w s  would b e  d e s i r e d  i n  o r d e r  t o  
de t e rmine  t h e  e f f e c t  of  c o m p r e s s i b i l i t y .  
f a c t o r  r a t i o "  r e p o r t e d  by Sandborn and Wisniewski ,  r e f .  1 3 ,  f o r  a M = 3 
boundary l a y e r  were n o t  adequate  t o  d e f i n e  t h e  i n t e r m i t t e n c y  f a c t o r  d i r e c t l y  
(due t o  i n a d e q u a t e  e l e c t r o n i c  m u l t i p l i e r  r e s p o n s e )  ; however,  i t  a p p e a r s  t h a t  
t h e  extent of t h e  i n t e r m i t t e n t  o u t e r  edge was q u i t e  s i m i l a r  t o  t h e  h y p e r s o n i c  
measurements shown an f i g u r e  19. 
The e a r l y  measurements of " f l a t n e s s  
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The s u p e r s o n i c  and h y p e r s o n i c  boundary l a y e r s  a l s o  c o n t a i n  ‘ ‘ i n t e r m i t t e n t ”  
r e g i o n s  n e a r  t h e  s u r f a c e .  The s u r f a c e  i n t e r m i t t e n t  r e g i o n  i s  n o t  r e a d i l v  obse rved  
i n  t h e  s u b s o n i c  boundary l a y e r s .  The e x i s t e n c e  of  l a r g e r  s u b l a y e r s  i n  suDerson ic  
f l o w s ,  no doub t ,  i s  r e sDons ib l e  f o r  t he  observed  i n t e r m i t t e n c v .  The i n t e r m i t -  , 
t ency  n e a r  t h e  s u r f a c e  i s  a l s o  d i r e c t l y  r e l a t e d  t o  t h e  skewness of t h e  f l u c t u a -  
t i o n s  found from t h e  p r o b a b i l i t y  measurements.  
Syace-time c o r r e l a t i o n  measurements were a l s o  r e p o r t e d  by Owen and Horstman, 
r e f .  4 7 ,  f o r  a 11 = 7 . 2  boundary l a y e r .  S i m i l a r  measurements i n  a Yach 3 t u rbu -  
l e n t  wake were r e p o r t e d  by Demetr iades ,  r e f .  4 3 .  “Convect ive  v e l o c i t i e s , ”  c a l -  
c u l a t e d  from t h e  measured d e l a y  t i m e ,  c c r r e snond ing  t o  t h e  maximum c o r r e l a t i o n  
c o e f f i c i e n t ,  were o b t a i n e d  from t h e s e  space - t ime  measurements .  The c o n v e c t i v e  
v e l o c i t i e s  were found t o  be  a f u n c t i o n  of t h e  l o c a t i o n  i n  t h e  boundary  l aye r  
and of  t h e  f r equency .  The hype r son ic  c o n v e c t i v e  v e l o c i t y  measurements appea r  t o  
b e  s imi la r  t o  measurements made i n  the  l a r g e - s c a l e  s u b s o n i c  boundary l a v e r ,  
C l i f f  and  Sandborn, r e f .  50.* In t h e  o u t e r  r e g i o n  of t h e  boundary l a y e r  t h e  
c o n v e c t i v e  v e l o c i t i e s  a re  normal ly  l e s s  ( z e r o  p r e s s u r e  g r a d i e n t  f low) t h a n  t h e  
l o c a l  mean v e l o c i t y .  For  t h e  i n n e r  r eg ion  t h e  c o n v e c t i v e  v e l o c i t i e s  are found 
t o  be  g r e a t e r  than  t h e  l o c a l  mean v e l o c i t y .  The space- t ime c o r r e l a t i o n s  s t u d v  
of  Owen and Horstman a l s o  g i v e  a measure o f  t h e  ave rage  t r a j e c t o r v  o f  t h e  
t u r b u l e n t  f l u c t u a t i o n s  i n  t h e  boundary l a y e r .  
*[The o v e r a l l  c o n v e c t i v e  v e l o c i t i e s  r e p o r t e d  by Owen and Horstman are somewhat 
low due  t o  l i m i t e d  f requency  response  of  t h e  o r i g i n a l  ho t -wire  i n s t r u m e n t a t i o n .  
Recent  measurements w i t h  improved hot-wire  f requency  r e sponse  g i v e  h i g h e r  v a l u e s  
f o r  t h e  o v e r a l l  c o n v e c t i v e  v e l o c i t y  i n  t h e  o u t e r  r e g i o n  o f  t h e  f low; which a r e  
i n  b e t t e r  q u a n t i t a t i v e  agreement  w i t h  t h e  s u b s o n i c  r e s u l t s . ]  
d l  Fre S h e a r  Floi - Wakes - 
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d j e t s  are  two types of f r ee  s h e a r  f lows o f  
major i n t e r e s t .  The mixing of  two independent  f lows a l s o  may be i n c l u d e d  i n  
t h e  f r e e  s h e a r  f lows.  While a number o f  s t u d i e s  are a v a i l a b l e  f o r  t h e s e  t y p e s  
o f  c o m p r e s s i b l e  f l o w s ,  t hey  are n o t  a s  w e l l  documented as t h e  boundarv l a y e r .  
Demet r i ades ,  r e f .  4 8 ,  5 1  and 52, has made an e x t e n s i v e  su rvey  c f  an 
- .  axisyrrmetr ic  wpke -.: >' = 3 .  L'alLss 0 ;  zhe a x i a l  v e l o c i t y ,  d e n s i t v ,  t e m p e r a t u r e  
and v e l o c i t y - t e m p e r a t u r e  f l u c t u a t i o n s  were measured. Also auto-  and space- t ime 
c o r r e l a t i o n s  were e v a l u a t e d .  Using t h e  p r o p e r  c o o r d i n a t e  t r a n s f o r m a t i o n  t h e  
c o m p r e s s i b l e  r e s u l t s  were found t o  b e  " i d e n t i c a l  w i t h  t h e i r  i n c o m p r e s s i b l e  
c o u n t e r p a r t s . "  Measurements,  o r  the i n d i r e c t  e v a l u a t i o n ,  o f  t h e  t u r b u l e n t  
s h e a r  stress f o r  a c o m p r e s s i k l e  wake does n o t  a?pear  t o  b e  a v a i l a b l e .  E v a l u a t i o n  
O f  t h e  i n t e r m i t t e n c y  c h a r a c t e r i s t i c s  o f  s u p e r s o n i c  and h y p e r s o n i c  wakes were 
r e p o r t e d  b.y Demetr iades ,  r e f .  5 2 ,  and by Levensteins and Krummins, r e f .  53. 
. E s t i m a t e s  of t u r b u l e n t  sc-ales were a l s o  r epor t ed .  i n  these p a p e r s .  . ,The wake 
i n t e r m i t t e n c y  f o r  c o m p r e s s i b l e  flow w a s  found t o  b e  n e a r l y  t h e  same as t h e  
i n  comp ress i b  l e  measurements . 
A number o f  t u r b u l e n c e  measurements have been r e p o r t e d  f o r  real  gas  t y p e  
t u r b u l e n t  wakes; r e f s .  5 4  through 57. These d a t a  were f o r  wakes beh ind  
p r o j e c t i i e s  r a t h e r  t h a n  f o r  t h e  s t a t i s t i c a l l y  s t e a d y  f l o w s  d i s c u s s e d  above. 
A u t o c o r r e l a t i o n s ,  s p e c t r u m  and t i m e  scales are o b t a i n e d  from t h e s e  measurements.  
New t e c h n i q u e s  o f  measuring i n s t a n t a n e o u s  wake p r o f i l e s  and t u r b u l e n c e  are 
p r e s e n t e d  i n  r e f e r e n c e s  58 and 59. 
Very l i t t l e  i n f o r m a t i o n  on t u r b u l e n c e  measurements i n  comDressible  j e t s  
w a s  found i n  t h e  p r e s e n t  su rvey .  
e d d y - v i s c o s i t y  o r  mixing l e n g t h s ,  a r e  a v a i l a b l e  ma in ly  from i n c o m p r e s s i b l e  
Estimates of  t u r b u l e n t  e f f e c t s ,  such as 
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measurements.  The r e c e n t  p a p e r  o f  P e t e r s ,  C h r i s s  and P a u l k ,  r e f .  60,  c o n t a i n  
e v a l u a t i o n s  o f  t h e  s h e a r  stress based on mean f low measurements f o r  s u b s o n i c  
j e t s .  l leasurements  o f  t h e  i n t e r m i t t e n c y  f a c t o r  f o r  a j e t  w i t h  an  i n i t i a l  
v e l o c i t y  o f  693  f t / s e c  were r e p o r t e d  by Y a e s t r e l l o  and McDaid, r e f .  51 .  
These s u b s o n i c  compress ib l e  measurements a g r e e  w i t h  t h e  i n c o m p r e s s i b l e  i n t e r -  
m i t t e n c y  d a t a .  
A r e c e n t  confe rence  on "Free  Turbulent  Shea r  Flow," r e f .  6 2 ,  h a s  examined 
i n  g r e a t  d e t a i l  e x i s t i n g  methods o f  computing f r e e  s h e a r  f lows .  There was some 
e v i d e n c e  from t h e  mean flow c a l c u l a t i o n s  t h a t  t h e  compress ib l e  e f f e c t s  an  
t u r b u l e n c e  may be  more pronounced f o r  t h e  f ree  s h e a r  f l o w s .  
C O N C L U S I O N S  
A d i r e c t  coinparison o f  measured terms i n  t h e  t u r b u l e n t  stress t e n s o r  f o r  
z e r o  p r e s s u r e  g r a d i e n t ,  super -  and h y p e r s o n i c ,  t u r b u l e n t  boundary l a y e r s  w i t h  
l a r g e  Reynolds number, i n c o m p r e s s i b l e ,  boundary l a y e r s  w a s  found t o  show . 
remarkable  agreement .  The t u r b u l e n t  stress terms were s c a l e d  w i t h  t h e  w a l l  
s h e a r  stress and t h e  boundary- layer  t h i c k n e s s .  While some v a r i a t i o n s  i n  t h e  
d a t a  were found n e a r  t h e  s u r f a c e ,  the  o u t e r  r e g i o n  o f  t h e  zero pressure g r a d i e n t ,  
t u r b u l e n t  boundary l a y e r  appea r s  t o  b e  s u r p r i s i n g l y  s i m i l a r  f o r  all Yach 
numbers. 
Mean f low e v a l u a t i o n s  of t h e  t o t a l  s h e a r  stress d i s t r i b u t i o n s  a c r o s s  t h e  
whole ,  z e r o  p r e s s u r e  g r a d i e n t ,  t u r b u l e n t ,  boundary l a y e r  was a l s o  found t o  
c o r r e l a t e  n e a r l y  independent  o f  Mach number. 
f o r  t h e  compress ib l e  boundary l a y e r s  w a s  i n  good agreement  w i t h  t h e  measured 
Reynolds  s h e a r  stress ( p G )  term f o r  i n c o m p r e s s i b l e ,  z e r o  p r e s s u r e  g r a d i e n t ,  
The t o t a l  s h e a r  stress d i s t r i b u t i o n  
39 
l a y e r s .  Recent  l a s e r  anemometer measurements,  by Johnson and Rose a t  a Mach 
number of  2 .9 ,  of 
t o t a l  s h e a r  stress o v e r  t h e  o u t e r  60% of  t h e  boundary l a y e r .  Near t h e  s u r f a c e  
p G  are a l s o  i n  r e a s o n a b l e  agreement  w i t h  t h e  expec ted  
t h e  l aser  measurements are s y s t e m a t i c a l l y  lower t h a n  t h e  e m e c t e d  v a l u e s .  
The laser measurements a r e  o n l y  s l i g h t l y  h i g h e r  t h a n  t h e  i n d i v i d u a l  s t r e s s  
components ( p 7  and p;?) measured i n  i n c o m p r e s s i b l e  f l o w .  Thus,  t h e  d i r e c t  
l a s e r  measurements appea r  t o  b e  r e a s o n a b l e  o v e r  t h e  complete  boundary l a v e r .  
The d isagreement  between t h e  measurement o f  3uv  and t h e  t o t a l  s h e a r  stress 
- 
n i g h t  b e  t a k e n  w i t h  some r e s e r v a t i o n  t o  s u g g e s t  t h a t  t h e  Reynolds stress term 
may n o t  b e  t h e  o n l y  impor t an t  t u r b u l e n t  s h e a r  stress term i n  s u p e r s o n i c  
bourda ry  l a y e r s .  
The c o r r e l a t i o n  o f  t h e  measurements,  t o g e t h e r  w i t h  t h e  incomDress ib l e  d a t a  
can b e  proposed  as a check on t h e  supe r -  and h y p e r s o n i c  measuring t e c h n i q u e s .  
F i g u r e  2 0  i s  t h e  proposed  summary p l o t  of t h e  expec ted  v a r i a t i o n  of  t h e  Reynolds 
stress t e n s o r  terms. A d i a b a t i c ,  zero p r e s s u r e  g r a d i e n t ,  t u r b u l e n t ,  s u p e r s o n i c ,  
boundary l a y e r s  are expec ted  t o  ag ree  w i t h  t h e s e  cu rves  o v e r  t h e  o u t e r  50 t o  
60% of  t h e  l a y e r .  Near t h e  s u r f a c e  t h e  v i s c o u s  s u b l e y e r  w i l l  c ause  d e v i a t i o n s .  
The s u b l a y e r  t h i c k n e s s  w i l l  i n c r e a s e  i n  s i z e  by g r e a t e r  t han  a f a c t o r  o f  10 a s  
t h e  Xach number goes from 0 t o  5. 
Hot-wire anemometer measurements o f  t h e  l o n g i t u d i n a l  component of  v e l o c i t y  
f l u c t u a t i o n s ,  n e g l e c t i n g  p r e s s u r e  f l u c t u a t i o n s ,  f o r  a t  l e a s t  s u p e r s o n i c  Mach 
numbers a p p e a r  t o  b e  r e a s o n a b l e .  However, measurements of t h e  v e r t i c a l  com- 
ponen t  o f  t h e  t u r b u l e n t  v e l o c i t y  and t h e  Reynolds s h e a r  stress w i t h  yawed 
h o t  wires appea r  q u e s t i o n a b l e .  Direct measurements of  t h e  l o n g i t u d i n a l  mass 
f low f l u c t u a t i o n s  w i t h  t h e  hot -wire  anemometer show c o n s i d e r a b l e  v a r i a t i o n  from 
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one  set  o f  d a t a  t o  a n o t h e r .  The h o t  wire shou ld  be most s e n s i t i v e  t o  t h e  mass 
f low,  s o  i t  a p p e a r s  t h a t  use  o f  t h e  b c a l  mean v a l u e s  o f  t h e  mass f low are  
n o t  adequa te  t o  no rma l i ze  t h e  r e s u l t s .  Cons ide rab le  v a r i a t i o n  i s  a l s o  obse rved  
f o r  t h e  t e m p e r a t u r e  f l u c t u a t i o n  measurements. 
The spec t rum of  mass f low f l u c t u a t i o n  f o r  super -  and hype r son ic  f lows  
were a l s o  found t o  a g r e e  w i t h  incompress ib l e  r e s u l t s  when compared on a wave 
number p l o t .  The r e s u l t a n t  s p e c t r a  shou ld  serve as a d i r e c t  approx ima t ion  of  
t h e  f r equency  c o n t e n t  of  a g iven  boundary-layer  measurement. 
Measurements of t h e  i n t e r m i t t e n c y  o f  t h e  o u t e r  r e g i o n  o f  supe r -  and 
h y p e r s o n i c  boundary l a y e r s  shows a marked d i f f e r e n c e  from t h e  i n c o m p r e s s i b l e  
l a y e r .  The i n t e r m i t t e n c y  ex tends  over  a much smaller p e r c e n t a g e  o f  t h e  l a y e r  
( N  20%) f o r  t h e  high-speed f l o w s ,  compared t o  t h e  i n c o m p r e s s i b l e  f low (-- 50%) 
E v a l u a t i o n  of  mass-flow f l u c t u a t i o n  i n t e n s i t y  i n  t h e  f r e e  s t r e a m  of supe r -  
and h y p e r s o n i c  wind t u n n e l s  i n d i c a t e  t h e  i n t e n s i t y  i n c r e a s e s  approx ima te ly  a s  
Mach number squa red .  
a l s o  would b e  e x p e c t e d  t o  d e c r e a s e  w i t h  i n c r e a s i n g  t u n n e l  s i z e .  
e f f e c t  i s  n o t  e v i d e n t  i n  t h e  hype r son ic  t u n n e l s .  For  Mach numbers g r e a t e r  
t han  2.5 t h e  mass f low f l u c t u a t i o n s  shou ld  n o t  be  i n f l u e n c e d  bv t h e  i n l e t  
c o n d i t i o n s .  
i 
I 
The leve l  is  found t o  d e c r e a s e  w i t h  Reynolds number, and 
The s i z e  
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M = 1.8 Gibbings and Mikulla, ref 21 
5 3  
Moise and McDonald, Ref. 33 
Ernprical M = 5 
y. 
"Best estimate" of supersonic 
shear stress distributlon 
Klebanoff, Ref. 32 
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F i g u r e  5 .  Comparison of  estimated s u p e r s o n i c  s h e a r  stress w i t h  i n c o m p r e s s i b l e  
measiirements and t h e  e m p i r i c a l  p r e d i c t i o n  of Maise and McDonald. 

r 
6 3.0 
2.5 
0 
4 O h  2.0 0 -- 
1.5 
P U" 0 
h 
-
3 -  a h  T W  
0 0 
a 2 
.5 8 fk 
-- P -  T# LJ* 5 [  
I -  8 
I I I I BIlrcJ 
h 
- 
- 
a 
- 8 . .  
- d 
- a- a 
- @ a  a 
e
I I , e T &  
I .o 
.8 
P uv 
r,,, .6 
.4 
.2 
- -  
-
0 .2 .4 .6 .8 1.0 1.2 
a l  Approach region, Rose, ref 37 
Y/B, 
0 x = 6.10cm 
0 x = 6.60cm 
4 
h 
O h  
h A 
0 .2 .4 .6 .8 I.$:. 1.2 
Y/8, 
b )  Interaction region, Rose, r e f  37 
0 x=7 . l l cm 
0 x =  7.62cm 
0 x =  8.13cm 
W "Best estimate'' Total shear stress A x  = 8.64 cm 
h x = 9.14 cm zero pr e ss u re g rad i en t bou n dor y 
layer 
c) Compression region, Rose, ref 37 d) Laser measurements of Rose and Johnson, ref 24, Ma= 2.9 
x = 5.375 upstream of 0 x =  9.65cm 0 x = 10.16 cm 
0 x = 10.67cm A x =  11.18cm x = 9.375 downstream of 
b x =  I1.68cm 
shock interaction 
shock interaction 
F i g i c e  7.- Measurement of  t u r b u l e n t  s h e a r  stress t e r m  t h r o u g h  a shock-wave i n t e r a c t i o n .  
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F l g u r e  8.- Adverse p r e s s u r e  g r a d i e n t  shear stress d i s t r i b u t i o n s .  
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Figure 10.- Longitudinal turbulent v e l o c i t y  measurements i n  zero 
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Fi sure 12 .l Vertical turbulent velocity measurements in zero pressure 
gradient boundary layers. 
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F i g u r e  13.- V e r t i c a l  t u r b u l e n t  v e l o c i t y  measurements t h rough  a shock-wave 
i n t e r a c t  i o n .  
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F i g u r e  14 . -  Mass f low f l u c t u a t i o n  measurements i n  z e r o  p r e s s u r e  
g r a d i e n t  boundary l a y e r s .  
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g r a d i e n t  boundary l a y e r s .  
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F i g u r e  19.- Measurements of t h e  i n t e r m i t t e n c y  f a c t o r  f o r  z e r o  
p r e s s u r e  g r a d i e n t  boundary l a y e r s .  
F i g u r e  20- Values of t h e  t u r b u l e n t  stress terms f o r  l a r g e  scal.2, 
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